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This  program  invr''’^s  several  aspects  of  chemistry, 
electrochemistry,  ph  chemistry,  and  spectrosaspy  of  selected 
systems  in  molten  he  ^s.  This  report  surrmarizes  the  research 
performed  during  the  first  year  of  the  program.  The  following 
personnel  were  involved  in  this  program  during  this  period. 

1.  Professor  Gleb  Mamantov,  principal  investigator. 

2.  Professor  Richard  M.  Pagni,  coprincipal  investigator 

3.  Dr.  Guam-Sen  Chen,  postdoctoral  research  associate, 
siaported  by  this  program  during  the  period  2/15/93  - 
7/20/93 . 

4.  Dr.  Haiming  Xiao,  postdoctoral  research  associate, 
si^ported  by  this  program  during  the  period  11/10/93  - 
present . 

5.  Dr.  Yvette  Yang,  part-time  postdoctoral  research 
associate,  supported  by  this  program  during  the  period 
2//15/93  -  present. 

6.  Dr.  Anna  Edwards,  part-time  postdoctoral  research 
cissociate,  not  sii^jported  by  this  program. 

7.  Ellen  Hondrogiannis,  Ph.D.  student,  not  si:?3ported  by  this 
program. 

8.  Carlos  Lee,  Ph.D.  student,  partially  si^^ported  by  this 
program. 

9.  Sven  Eklund,  Ph.D.  student,  not  si^ported  by  this 
program. 

10.  George  Hondrogiannis,  Ph.D.  Student,  partially  sij^jported 
by  this  program. 

The  status  of  projects  investigated  under  this  program  is 
summarized  below. 


1.  Purification  of  Alkali  Haloaluminate  Melts. 

Oxide  inpirities  in  molten  chloroaluminates  may  have 
pronouncea  effects  on  the  behavior  of  other  solute  species  in 
these  media.  This  problom  is  particularly  serious  for  basic 
(AlCla/NaCl  mole  ratio  <  1)  alkali  chloroaluminates  containing 
refractory  metal  solute  species  such  as  Nb  (V) ,  Ta  (V) ,  and 
W(V)  .  We  have  previously  reported  on  the  removal  of  oxide 
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impurities  from  AlClj-NaCl  melts  saturated  with  NaCl  using 
phosgene (1) .  Phosgene,  however,  is  a  poisonous  gas  and  must 
be  handled  with  extreme  caution.  We  have  now  been  able  to 
achieve  complete  conversion  of  oxide  irrpurities  to  chlorides 
by  treating  the  melt  with  carbon  tetrachloride  (2,  T^pendix 
1)  .  This  procedure  is  also  applicable  to  acidic  alkali 
chloroaluminates  and  fluorcchloroaluminates,  such  as  the 
NaAlCl4-NaF  (90-10  mole%)  melt. 


Electrochemical  and  S^ctrosccpic  Studies  of  Refractory  Metal 
Species  in  Basic  Alk^i  Haloaluminates . 

Using  haloaluminate  melts  purified  with  CX!l4,  we  have 
investigated  the  electroch«nistry  of  tantalum  in  AlClj-NaClaat 
and  NaAlCl4-NaF  (90-10  mole  %)  melts  in  the  toiperature  range 
200-450®C  (3,  i^pendix  2) .  We  have  also  conducted 
spectroscopic  and  electrochonical  studies  of  tungsten  (VI)  and 
t\jnqsten(V)  chloride  and  c»q^chloride  coitplexes  in  the  AICI3- 
NaClaat  melt  at  175®  (4,  i^pendix  3)  and  liave  reinvestigated 
the  electrochemistry  of  niobium  (V)  in  the  AlClj-NaClgat  and 
related  melts  at  160-500®C  (5,  appendix  4)  .  In  all  cases  (3- 
5)  strong  evidence  for  dimeric  and  cluster  species  was 
obtained  resulting  in  very  corrplicated  chonistry.  Formation 
of  metals  at  high  temperatures  (>500®C)  was  also  c±>served.  We 
have  initiated  studies  to  compare  electroplating  of  these 
elements  (W,  Nb,  Ta)  from  basic  haloaluminate  melts  with  that 
from  the  LiF-NaF-KF  eutectic  (6) .  Our  prior  studies  indicate 
that  these  metals  cannot  be  plated  using  acidic  (AlClj-rich) 
chloroaluminate  melts. 


jctroelectrochemical  Studies 
Loroaluminates . 


in  Molten  Alkali 


Spectroelectrochemistry  -  coipling  of  electrochennistry  and 
spectroscopy  -  can  be  a  very  useful  approach  for  investigating 
complex  reactions  in  solutions  (7) . 


Using  Ramsui,  UV-visible  and  electron  spin  resonance 
spectroscopies  we  reinvestigated  the  reduction  of  chloranil  in 
AlCla-NaCl  melts  (8,  appendix  5)  .  This  material  was 
previously  investigated  (9,10)  because  of  its  potential  use  as 
a  cathode  material  for  high-energy  molten  salt  batteries .  The 
spectroelectrochemical  results  (i^pendix  5)  show  clearly  that 
the  reduction  of  chloranil  in  the  basic  AlClj-NaCl  melt  occurs 
not  by  a  single  two-electron  process  (as  believed  previously) 
but  through  the  stepwise  reduction  of  chloranil  to  the  radical 
anion  and  the  dianion. 
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Itie  ^)ectroelectrochetniced  approach  was  also  quite  useful  in 
the  studies  of  the  reduction  of  Nb(V)  (see  i^ipendix  4)  and  of 
Re  (IV)  in  AlClj-NaCl**.  The  rhenium  system  is  being  studied 
by  Ellen  Homro^iannis  (EH)  as  part  of  her  doctoral 
dissertation.  Ihis  work,  si?:ported  by  an  APOSR  fellowship  to 
EH,  will  be  reported  separately. 

Photochemistiy  of  Aromatic  I^^drocarbons  in  Aluminum  (Chloride  - 
l-Ethyl-3-Methyliraidazolium  Chloride  Airbient  Tenperature  Melts 
(this  aspect  of  the  program  is  codirected  by  Professor  R.  M. 
Pagni) . 

The  research  during  the  past  year  has  concentrated  on  the 
j^todtiemistry  of  anthracene  ana  9-methylanthracene  in  molten 
aluminum  chloride- 1 -ethyl-3 -methylimidazolium  chloride 
(AICI3/EMIC) ,  lookir^  in  particular  for  photoinduced  electron 
transfer  reactions.  Several  such  reactions  have  been  found. 
Anthracene  in  deo«ygenated  basic  medium  (AICI3/MEIC  mole  ratio 
<1)  afforded  the  4+4  dimer  exclusively  (11,  itopendix  6) ;  no 
electron  transfer  from  the  excited  state  of  anthracene  to  EMI* 
was  observed  under  these  conditions .  Anthracene  in 
deoxygenated  acidic  medium  (AICI3/MEIC  mole  ratio  >1) ,  on  the 
other  hand,  yielded  a  Ic^e  number  of  monomeric  and  dimeric, 
reduced,  neutral  and  oxidized  products.  Ej^riments  showed 
that  this  unique  chanistry  was  initiated  by  electron  transfer 
from  the  excited  state  of  anthracene  to  protonated  anthracene 
which  was  formed  by  the  reaction  of  anthracene  with  trace 
amounts  of  HCl,  a  strong  acid  in  the  acidic  molten  salt. 
Photolysis  of  the  more  easily  oxidized  9-met]:ylanthracene  in 
deoxygenated  basic  melt  aftorded,  in  addition  to  the  4+4 
dimer,  two  monomeric  and  two  dimeric  products,  all  of  which 
were  characterized  independent  synthesis.  Ejperiments 
demonstrate  that  this  chenistry  was  initiated  by  electron 
transfer  from  the  excited  state  of  9-methylanthracene  to  EMI*. 
The  difference  in  behavior  of  anthracene  and  9- 
methylanthracene  in  the  basic  melt  can  be  attributed  to  the 
difference  in  the  rate  of  electron  transfer  to  EMI*:  for 
anthracene,  the  electron  transfer  is  endothermic  and  slow, 
vrtiile  for  9-methylanthracene,  the  electron  transfer  is 
exothermic  and  faist.  Irradiation  of  anthracene  in  oxygenated 
basic  medium  afforded  several  products  including  9- 
chloroanthracene .  Although  the  formation  of  9- 
chloroanthracene  can  be  envisioned  to  arise  by  electron 
transfer  from  the  excited  state  of  anthracene  to  p2 , 
additional  work  will  be  required  to  prove  that  this  assunption 
is  correct. 
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Removal  of  Oxide  Impurities  from  Alkali  Haloaluminate 
Mebs  Using  Carbon  Tetrachloride 
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ABSTRACT 


Small  amounts  of  oxide  impurities  in  alkali  chloroaluminate  and  fluorochloroaluminate  melts  can  complicate 
markedly  the  electrochemical  and  spectroscopic  behavior  of  other  solute  sp^ies  in  these  melts.  A  simple  method  for  the 
removal  of  oxides  from  these  melts  has  been  developed  in  our  laboratory.  This  method  is  based  on  the  reaction  of  carbon 
tetrachloride  with  oxides  to  convert  them  to  chlorides.  Spectroscopic  techniques  (UV-visible  and  IB  spectroscopy)  have 
shown  that  addition  of  carbon  tetrachloride  results  in  the  complete  conversion  of  oxides  to  chlorides. 


Oxide  impurities  in  molten  chloroaluminates'  may  have  FTS-7  Fourier  trans: 
pronounced  effects  on  the  behavior  of  other  solute  species  ter  which  was  contn 
in  these  media;^'^  these  impurities  are  difficult  to  avoid.  The  in  situ  infrare 
Recently  we  reported  on  the  removal  of  oxide  impurities  tained  usings  cell  sij 
from  a  sodium  chloroaluminate  melt  saturated  with  NaCl  Mamantov.*'*  The  cel 

with  phosgene  (COCl]).’ Prior  studies  on  the  determination  torch-sealed  to  the 

and  removal  of  oxide  species  from  chloroaluminate  melts  adapters  (Ace  Glass 
are  summarized  briefiy  in  that  paper.’  access  for  loading  a 

Phosgene  is  a  very  poisonous  gas  and  must  be  handled  airtight  seal  when  cli 
with  extreme  caution.  In  addition,  we  have  found  that  the  was  covered  with  a  s 
removal  of  oxide  impurities  from  acidic  sodium  chloroalu-  was  added  by  injecti 
minute  melts  (AlCli/NaCl  mole  ratio  >  1)  using  COCI2  is  not  tight  microsyringe  I 
complete.*  with  diametrically  c 

We  report  here  a  method  for  the  removal  of  oxides  from  in  house,  allowed  h 
both  acidic  and  basic  alkali  chloroaliuninate  melts,  as  well  chamber  of  the  FTII 

as  fiuorochloroaluminate  melts.  This  method  is  based  on 

the  reaction  of  carbon  tetrachloride  with  oxide  species  to  ^ 

convert  these  species  to  the  corresponding  chloride  com-  AlClrNaClut  meli 
plexes.  Using  CCI4  as  a  chlorinating  reagent  is  advanta-  absorption  spectra  i 
geous  compared  to  the  CCKllj-treatment  in  that  CCl,  is 

much  easier  to  handle.  _ 

Experimantal  oz«- 

Aluminum  chloride  (Fluka,  >99.0%)  was  purified  by  sub¬ 
liming  it  twice  imder  vacuum  in  a  sealed  Pyiex  tube. 

Sodium  chloride  (Mallinckrodt,  reagent  grade)  was  dried  oa. 

under  vacuum  (<50  mTorr)  at  450'’C  for  at  least  48  h.  High 
purity  sc<dium  fluoride  (AES AR,  puratronic,  99. 995 % ),  nio¬ 
bium  pentachloride  (AESAR,  puratronic,  99.99%),  and  uj 
tungstra  oxychloride  (WOCl,,  Aldrich)  were  used  without  ^ 
further  pur^cation.  Carbon  tetrachloride  (water  0.001%)  <  (a) 

was  purchased  from  Baxter  Diagnostics,  Inc.  u  ^4 

AlCVNaCl  melts  were  prepared  from  purified  aluminum  q  o.tz 
chloride  and  vacuum  dried  sodium  chloride.  Any  remain-  m  1 

ing  base  metal  impurities  in  the  melts  were  removed  by  §  j 

adding  aluminum  metal  (AESAR,  99.999%)  in  the  process 

of  preparing  the  melts.  ji 

Sodium  fluorochloroaliuninate  melts' were  prepared  by  I 

mixing  AlClj-NaClnt  salts  with  high  purity  sodium  ^  // 

fluoride  in  a  suitable  ratio,  followed  by  premelting  this  ocui  ' 

mixture  in  a  quartz  tube.  All  handling  of  melts  and  solutes  j  /V 

was  perform^  in  a  nitrogen-filled  dry  box  (moisture  level  1 

<2  ppm).  Pyrex  cells  and  ampuls  were  torch-sealed  under  _ ^ — ' 

vacuum  (<50  mlbrr).  mo 

Ultraviolet-visible  absorption  spectra  were  obtained  us¬ 
ing  2  mm  path  length  quartz  cells  and  a  Hewlett  Packard 

8452A  diode  array  spectrophotometer  with  a  water-cooled  |:jg,  IniranKl  obso 
furnace.  Infrared  spectra  were  recorded  with  a  Bio-Rad  spaawinanAlCI,-NaC( 

(a)  iha  inMol  mall;  (bl  3C 

*  Electrochemical  Society  Active  Member.  and  (d  120  min  aflir  ll 
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FTS-7  Fourier  transform  infrared  (FTIR)  spectrophotome¬ 
ter  which  was  controlled  by  a  microcomputer  system. 

The  in  situ  infrared  spectra  of  the  molten  salts  were  ob¬ 
tained  using  a  cell  similar  to  that  described  by  Flowers  and 
Mamantov.*’*  The  ceU  utilized  silicon  windows  which  were 
torch-sealed  to  the  Pyrex  body  of  the  cell.  AceThred 
adapters  (Ace  Glass  Inc.)  on  the  top  of  the  cell  provided 
access  for  loading  and  sample  addition,  and  produced  an 
airtight  seal  when  closed.  One  AceThred  adapter  on  the  cell 
was  covered  with  a  septum.  An  appropriate  amoimt  of  CCl| 
was  added  by  injecting  it  through  the  septum  using  an  air- 
ti^t  microsyringe  (Baxter  Diagnostics,  Inc.).  A  furnace 
with  diametrically  opposed  holes,  which  was  constructed 
in  house,  allowed  heating  of  the  melt  inside  the  sample 
chamber  of  the  FTTR  instrument. 

Rasuhsand  Discussion 

AlClrNaClut  melt  at  200°C. — Figure  1  shows  infrared 
absorption  spectra  in  the  region  from  640  to  880  cm  '  for 


an  8«  too  7«o  720  mo 


WAVENUMBERS  (l/cm) 

Fig.  1.  bihanKl  obtoqilion  spodra  of  the  okmiinum  OTcychloride 
tpaow  in  an  AlQj-NadM.  mail  containing  20  J  mM  NoiOOj  at  20(rC; 
(a)  the  Mtiol  moll;  (bl  30  min  ohor  iho  MrodiicHan  of  1 50  (Jitar  CCU; 
and(^  120  min  aflir  the  inbodiiclian  of  450  (JitarCCb  total. 
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Ho.  2.  Mrarid  obMtpliw  ipedra  ef  COi  in  4w  AKli-NaClu  "Mk 
^jTfliaMiQ  20.3  eiM  NojiOOii  at  200X;  M  M  MMeMll;  M  25  min 
ater*eaddMoRaf50|JfarCQ.;M90ni«i,  ISO  iJmr  CO*;  M 
135  min.  4S0  itlNr  aii;  and  M  ofem  1  h  of  awaamSoii. 


the  AlCl(-NaC3Mt  (AlCVNaCl  mol  ratio  =  0.99)  melt  con¬ 
taining  20.3  mMNaiCOi  at  200*C.  The  amotmt  of  Na,CO,  in 
this  was  0.568  X  10'*  mol;  this  number  of  moles  corre¬ 
spond  to  138  (iliter  CCI4  (at  2S*’C).  Two  absorption  bands  for 
ahitninum  oxychloride  were  observed  at  680  and  800  cm'*, 
which  is  in  good  agreement  with  the  previous  results  re¬ 
ported  by  Flowers  and  Mamantov.**  Thirty  minutes  after  an 
addition  of  150  (tliter  CCI4,  which  was  approximately  equal 
to  the  molar  amount  of  oxide  in  the  melt,  was  made,  the 
intensity  of  the  absorption  band  at  800  cm'‘  was  decreased 
to  CO.  80%  of  the  initial  absorption  intensity,  the  signal 
further  decreased  to  15%  after  60  min  and  remained  un¬ 
changed  for  2  h.  Subsequently,  an  excess  of  CCI4, 450  (diter 
in  total,  was  added  to  the  same  cell.  After  70  min,  70%  of 
the  oxide  was  converted  to  the  corresponding  chloride  spe¬ 
cies.  After  120  min,  no  infrared  absorption  bands  for  the 
aluminum  oxychloride  q>ecies  were  detected  in  the  melt.  It 
was  apparent  that  all  of  the  oxide  impurities  were  elimi¬ 
nated  in  2  h.  The  reaction  of  the  oxide  with  CCI4  was  much 
faster  than  that  with  {diosgene  since  4  and  8  h  were  needed 
to  remove  14  and  34  mM  of  the  oxide,  respectively,  using 
COO^* 

A  douUet  occurring  at  2342  and  2357  cm'*,  which  is  typ¬ 
ical  of  the  infrared  spectrum  of  COj,  “'**  increased 


significantly  with  the  introduction  of  CCI4  into  the  melt 
(Fig.  2).  The  doublet  bands  were  observed  even  in  the  ab¬ 
sence  of  the  sample  cell;  however,  the  band  intensities  were 
weaker  than  those  after  the  addition  of  CCI4.  Prior  to  CCU 
addition,  these  weak  bands  probably  resulted  from  the 
trace  amounts  of  CO]  in  the  sample  chamber  of  the  FTER 
instrument.  Flrom  the  results  depicted  in  Fig.  2,  we  can 
conclude  that  the  reaction  of  CCI4  with  O*'  formed  COj  and 
Cl'  as  follows 

CCl,  +  2  O*-  =  CO,  +  4C1' 

where  O*'  and  Cl'  represent  the  oxide  species  and  free 
chloride  ions  or  the  chloride  species,  respectively. 

The  spectrum  obtained  for  this  mdt  after  evacuation  for 
1  h  is  shown  in  Fig.  2.  It  is  evident  that  the  CO,  absorption 
bands  were  reduced  markedly.  After  1  h  more  of  evacua¬ 
tion,  these  bands  were  decreased  further  to  the  level  ob¬ 
served  before  the  introduction  of  CCI4.  These  results  indi¬ 
cate  that  the  by-product  (CO,)  formed  by  the  reaction  of 
CCI4  with  the  oxide  impurities  was  removed  by  evacuation. 

An  alternative  way  to  measure  oxide  impurities  is  to  ex¬ 
amine  the  UV-visible  spectra  of  Nb  (V)  in  the  melts.  This 


Itabb  L  UVviiMi  ipeelrasoepk  dam  for  niobiuni  (V)  tpodat. 

I^ieciet  Solvent  X/nm  cm'*)  Ref. 


NbO, 

an  at  100°C, 

ai,cN 

240  (1.0  X  10‘),  285  (1.0  x  10*) 

16 

NbO,' 

242  (8.1  X  10*),  294  (3.4  x  10*), 

318  (1.4  X  10*),  355  (sh,  2.5  x  10’) 

17 

StfNMbO, 

CH,CN 

242  (6.4  X  10*).  290  (2.9  x  10*), 

315  (sh,  1.1  X  10*),  355  (sh,  2.0  x  10*) 

18 

NbCU 

Aldi-MEIC 
(44.4/44.6  m/o) 

291  (3.2  X  10*),  316  (1.7  X  10*) 

360  (Sh,  4.1  X  10*) 

19 

NbO. 

AlCl,-NaClML 

240  (1.1  X  10*),  288  (1.3  x  10*) 

20 

NbO; 

AlClt-NaClM. 

(CCU-treat^ 

at20(rC) 

242  (5.3  X  10*),  290  (1.4  X  10*) 

316  (sh,  9.1  X  10’).  350  (sh,  3.4  x  10*) 

ntis  work 

NbOCl!' 

12MHa 

228  (3.6  X  10*),  280  (1.1  x  10*) 

320  (di,  1.3  X  10’) 

19 

Nbocr 

NbOCQ^"- 

Aia,-MEIC 

278  (1.3  X  10*),  317  (sh,  1.2  x  10’) 

19 

AlCl,-NaClf.i. 

at200*C 

220  (6.9  X  10’),  270  (4.7  x  10’) 

TTiis  work 

NbOOi' 

NaAlCh-NaF 
(00-10  m/o)  at  480°C 

278  (s) 

This  work 

SolMBt 

X/nm  (a/M’’  cm"') 

Bef. 

wo. 

cxa« 

334  (8.0  X  10*),  379  (3.0  x  10*) 

447  (8.0  X  10*),  514  (?,  1.7  x  10*) 

585  (?.  60),  720  (?) 

21 

wo. 

vapor 

220  (s).  275  (sh),  330  (s),  375  (sh) 

430  (w) 

14 

woc^ 

toluene 

355  (s) 

22 

woo. 

vapor 

220  (s).  250  (sh),  270  (sh).  355  (s) 

460  (w) 

14 

WOC14 

AlCl,-Naa 
(63.37  m/o) 
at200“C 

228  (4.3  X  10*),  266  (sh,  2.1  x  10*), 

284  (sh.  1.4  X  10*),  360  (3.8  x  10*) 

This  work 

WCl, 

Aia,-Naa 

332  (9.7  X  10’),  378  (sh,  4.6  x  10*), 

(63-37  m/o) 

(after  CCl^  treatment  at  200°C 

434  (sh,  1.9  X  10*), 

484  (8.4  X  10*) 

This  work 

approach  may  be  more  sensitive  for  detecting  a  very  low 
concentration  of  oxide  species  in  the  melts  than  the  in¬ 
frared  spectral  approach.  A  UV-visible  absorption  spec¬ 
trum  using  niobium  (V)  species  as  a  probe  at  200°C  is  shown 
in  Fig.  3.  *^0  concentration  of  the  initial  niobium  oxychlo¬ 
ride,  which  was  added  as  NbOCl],  was  0.17  mM.  The  results 
are  summarized  in  Table  I  along  with  the  literature  data. 
Hie  spectrum  obtained  before  the  introduction  of  CCI4 
(Fig.  3a)  showed  two  main  bands  at  220  and  270  nm,  which 
were  similar  to  those  for  NbOCl|~  in  HCl  and  in  basic  room 
temperature  melts'*  (Ibble  I).  We  also  observed  results 
similar  to  the  literature  data  for  niobium  oxychloride  in 
NaAlCl,-NaF  {90-10  mole  percent  (m/o)]  at  480’’C  at  a 
higher  concentration  of  1  mM. 

Vi^th  the  addition  of  CCI4  to  this  cell,  a  significant  change 
in  the  UV-visible  spectrum  was  observed  (Fig.  3b).  After 
45  min,  the  spectrum  exhibited  a  much  higher  absorbance 
in  the  250-350  nm  region  than  that  observed  for  the  oxy¬ 
chloride  species.  Several  absorbance  maxima  were  ob¬ 
served  at  242,  290,  316  (sh)  and  350  nm  (sh),  which  are  in 
excellent  agreement  with  those  for  NbCli  in  other  solvents 
(Tbble  I).  These  results  indicate  clearly  that  using  CCI4  can 
reduce  the  oxide  impurities  to  an  extremely  low  level. 

AlClf-NaCl  (63-37  m/o)  melt. — The  oxide  contaminado  1 
in  acicUc  chloroaluminates  also  complicates  the  electro¬ 
chemical  and  spectroscopic  behavior  of  some  solutes  of  in¬ 
terest  in  these  melts.'*  However,  removal  of  oxide  impuri¬ 
ties  from  acidic  chloroaluminate  melts  has  not  been 
reported  previously.  As  mentioned  above,  phosgene  cannot 
eliminate  the  oxide  completely  from  these  melts.'  There¬ 
fore,  we  attempted  to  remove  the  oxide  impurities  from  an 
acidic  melt,  AlClj-NaCl  (63-37  m/o),  using  CC1|.  The 
efficiency  was  monitored  by  measuring  the  UV-visible 
spectra  of  melts  containing  a  W(VI)  species,  which  was  em¬ 
ployed  as  the  probe. 

Figure  4  shows  the  change  in  the  UV-visible  spectrum  of 
tungsten(VI)  species  in  the  acidic  melts  with  the  addition  of 
CClt  at  200°C.  The  features  of  these  spectra  are  summarized 
in  'bble  n  together  with  the  literature  data.  From  these 
results  we  conclude  that  the  tungsten(VI)  species  in  the 
initial  melt  was  WOCI4.  A  significant  change  in  the  spec¬ 
trum  was.  observed  ca.  2  h  after  the  introduction  of  CCh- 
The  new  spectrum  was  characteristic  of  WC1«  (Table  II). 
The  use  of  CCI4  can  remove  aU  the  oxide  impurities  in  these 
melts.  The  reaction  in  the  acidic  melts  was  slower  than  that 
in  AlClj-NaCl^.  melts. 

NaAldf-NaF  (90-10  m/o)  melt. — The  electrochemistry 
and  spectooscopy  of  solutes  of  sodium  fiuorochloroalumi- 
nate  melts  can  be  investigated  over  a  large  temperature 
region,  ca.  200  to  800°C  or  higher.'*  There  exists  a  large 
quantity  of  liquid  phase  for  the  NaAlCl4-NaF  (90-10  m/o) 
at  temperatures  2200'C,  although  the  liquidus  tempera¬ 
ture  at  which  the  melt  is  completely  molten,  is  395‘’C. 

We  first  attempted  to  remove  the  oxide  impurities  at  a 
relatively  low  temperature  (200-250°C)  using  CCI4.  How¬ 
ever,  CCl,  only  partly  converted  the  oxides  to  the  chlorides. 
This  was  due  probably  t'  .  presence  of  the  solid  predp; 
tate  whidi  prevmited  complete  conversion. 


As  the  temperature  was  increased  to  the  liquidus  temper¬ 
ature,  305°C  or  higher,  the  complete  conversion  of  the  ox¬ 
ides  to  chlorides  by  CCl,  was  obtained  in  less  than  5  min  as 
indicated  by  the  UV-visible  spectral  changes  of  Nb(V)  spe¬ 
cies  contained  in  the  melt  (Ibble  I).  We  noticed  that  the 
chloride  species  transformed  again  to  the  oxide  species  ca. 
45  min  after  the  introduction  of  10  pliter  OCI4  to  2.38  g  of 
the  fiuorochloroaluminate  melt  with  1  mM  Nb(V)  species  in 
a  quartz  UV  cell  (2  mm  in  path  length).  This  may  be  caused 
by  the  slight  reaction  of  the  melt  with  the  quartz  cell. 

In  summary,  an  oxide-free  fiuorochloroaluminate  melt 
can  be  ob'~ined  by  the  following  procedure:  (t)  increase 
the  temperature  to  400‘’C  or  higher  for  NaAlCl,-NaF 
(90-10  m/o);  (it)  add  an  excess  of  CCl|.to  the  cell  after  the 
melt  becomes  molten;  (iti)  keep  the  cell  at  the  high  temper¬ 
ature  for  CO.  30  min;  (in)  cool  the  cell  to  300°C  or  lower;  (o) 
evacuate  the  excess  CCU  and  CO2  at  this  temperatiue  for 
ca.  2  h;  and  (vi)  cool  the  melt  to  room  temperature. 

Gmcfcision 

Spectroscopic  techniques  (IR  and  UV-visible  spectro¬ 
scopies)  indicate  that  the  addition  of  carbon  tetrachloride 
removes  all  traces  of  oxide  impurities  from  both  basic  and 
acidic  sodium  chloroaluminate  melts,  as  well  as  from 
fiuorochloroaluminate  melts.  This  method  has  an  obvious 
advantage  over  using  other  chlorinating  reagents,  such  as 
COCI2  and  HCl,  since  CCI4  is  easier  to  handle.  This  method 


4.  UVimibla  obsoiplion  laaelra  of  lungrtan  (VQ  spodos  in  on 
iiMk,  AUa-NaCl  (^37  m/o,  2.781  g),  ol  200°C;M  *0  MKol 
msfcconlninin^O^TS  mM  WOCI4;  M  ITOmmoAsrlhomlndiKlieo 
of20»Jlor  CCI4;  Iho  quortz  osl  polh  long#!  was  2  mm. 
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alM  may  be  suitable  for  the  removal  of  oxide  impurities 
from  other  alkali  chloride  melts  such  as  LiCl-KCl  and 
KCl-Naa. 
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ABSTRACT 

The  electrochemistry  of  tantalum(V)  species  in  sodium  fluorochloroaluminate  melts  (10  mole  percent  NaF)  has  been 
investigated  in  the  temperatiue  range  of  200  to  450°C  using  cyclic,  normal  pulse,  and  square  wave  voltammetries,  exhaus¬ 
tive  electrolysis,  Raman  and  electronic  spectroscopies,  and  x-ray  diffraction  methods.  The  electrochemical  behavior  of 
tantalum(V)  is  strongly  dependent  on  temperature.  Three  main  reduction  waves  are  observed  at  a  temperature  of  300°C  or 
higher.  The  first  ana  second  reduction  waves  merge  into  one  wave  at  temperatures  below  300°C  The  first  reduction  wave 
is  associated  with  the  reduction  of  tantalum(V)  to  tantalum(IV)  species  followed  by  a  dimerization  reaction  which  occurs 
very  slowly  at  lower  temperatures.  The  second  reduction  wave  is  believed  to  be  the  reduction  of  the  tantaium(IV)  dimer, 
Taj*,  to  a  tantalum(in)  species  (probably  Taj*).  The  tantalum(in)  species  decomposes  resulting  in  the  formation  of  the 
cluster,  TatClJJ.  The  last  reduction  wave  is  assi^ed  to  the  reduction  of  the  trivalent  tantalum  species  to  a  divalent  tantalum 
species,  wMch  is  highly  unstable  and  decomposes  to  form  the  tantalum  cluster,  Ta,ClfJ,  and  metallic  tantalum.  The  clusters 
are  slowly  reduced  to  metallic  tantalum. 


The  electrochemistry  of  tantalum  is  complicated  by  the 
existence  of  various  compounds  with  different  oxidation 
states,  such  as  Ta’^,  Ta**,  Ta^*,  TaJ^,  TaJ^*,  Ta“  in  AlCl,- 
NaCl  melts.’  *  McCarley  ef  al.’  *  reported  that  anhydrous 
low-valent  tantalum  halides  can  be  synthesized  by  the  re¬ 
duction  of  tantalum(V)  halides  with  aliuninum  metal  at 
appropriate  temperatures.  The  electrolytic  reduction  and 
oxidation  of  tantalum  and  other  refractory  metal  species  in 
molten  halide  salts,’  *’  organic  solvents,**  and  room  temper¬ 
ature  melts*’  have  received  considerable  attention,  since 
these  metals  generally  have  very  high  melting  points  and 
high  corrosion  resistance. 

We  are  interested  in  the  electrochemistry  and  electro¬ 
plating  of  refractory  metals  such  as  Nb,  Th,  and  W  in  alkali 
chloroaluminate  and  fluorochloroaluminate  melts. 
vonBamer  ef  oi.’  have  recently  reported  electrochemical 
and  spectroscopic  studies  of  tantalum  species  in  AICI3- 
NaCl  melts  at  IGO-SOO^C.  Tantalum(V)  forms  two  different 
species,  ThCl^  and  TaCls,  in  basic  (AlCIs/NaCl  mole  ratio 
<1)  and  moderately  acidic  AlCU-NaCl  melts.’  **  In  addition, 
TaOCU  is  formed  in  basic  melts  in  the  presence  of  small 
amounts  of  oxide  ions.’  The  reduction  of  tantalum(V)  in  an 
acidic  AlCls-NaCl  [51-49  mole  percent  (m/o)]  melt  at  175°C 
is  believed  to  follow  the  sequence,  Ta’*  +  e”  =  Ta**,  2  Ta**  = 
Taf*,  ThJ*  +  2e“  =  Taj*,  5  Taj*  =  Taj**  +  4  Ta**.  This  reduction 
leads  to  the  formation  of  a  tantalum  cluster.  Formation  of 
metallic  tantalum  was  not  observed  in  the  electrolysis  at 
175°C  in  the  sodiiun  chloroaluminate  melts. 

McCruny*’  investigated  the  electrochemical  behavior  of 
tantalum(V)  in  AlCls-NaCl  melts  saturated  with  NaCl, 
noted  AlCla-NaCI,,,  melts,  as  a  function  of  the  oxide  con¬ 
centration  in  these  melts.  These  studies  resulted  in  a 
voltammetric  method  employing  tantalum(V)  as  a  probe  to 
determine  small  smiounts  of  dissolved  oxide  impurities  in 
molten  AlClj-Na'^,.,*. 

Several  reseat  .ners**"”  have  described  spectroscopic 
studies  of  the  chlorobromoaluminate  and  chloroiodoalumi- 
nate  melts.  The  various  mixed  ions  A1C1,X^_;,  (X  =  Br,  I) 
were  reported  when  AlCU  was  mixed  with  AlBr;  or  All^. 
Gilbert  et  al.^'  investigated  the  Raman  spectroscopy  of 
fluoride-containing  chloroaluminate  melts  at  580-820°C.  It 
was  observed  that  fluoride  replaced  chloride  progressively, 
depending  on  the  molar  ratio  of  NaF  to  NaAlCl,,  to  form 
the  species  AICI3F",  AICI2F2 ,  AICIFJ,  and  AIF, . 


Sodium  fluorochloroaluminate  melts  are  interesting  me¬ 
dia  because  the  electrochemistry  and  spectroscopy  of  sol¬ 
utes  can  be  examined  over  a  large  tempera  time  range  (from 
CO.  200  to  800°C  or  higher).  The  attack  of  Pyrex  and  quart., 
cells  by  these  melts  is  much  smaller  than  that  by  alkali 
fluoride  melts.’*  The  cathodic  limit  of  the  fluorochloroalu¬ 
minate  melts  occurs  at  more  negative  potentials  than  that 
of  sodium  chloroaluminate  melts  at  high  temperatures  (see 
below).  There  is  sufficient  molten  phase  in  the  NaAlCl,- 
NaF  (90-10  m/o)  system  at  temperatures  well  below  its  liq- 
uidus  temjjerature  (395°C)”  for  the  electrochemical  stud¬ 
ies.  In  this  paper,  we  describe  the  electrochemical  studies  of 
tantalum{V)  in  oxide-free  fluorochloroaluminate  melts, 
NaAlCVNaF  (90-10  m/o),  at  200-450°C. 

Experimentoi 

Aluminum  chloride  (Fluka,  >99.0%)  was  purified  by  sub¬ 
liming  it  twice  under  vacuum  in  a  sealed  Pyrex  tube.’* 
Sodium  chloride  (Mallinckrodt,  reagent  grade)  was  dried 
under  vacuum  (<50  mTbrr)  at  450°C  for  at  least  48  h.  High 
purity  sodium  fluoride  (AESAR,  puratronic,  99.995%) 
and  tantalum  chloride  (AESAR,  puratronic,  99.99%)  were 
used  without  further  purification.  Carbon  tetrachloride 
(water,  0.001%)  was  purchased  from  Baxter  Diagnostics, 
Incorporated. 

A!Cl3-NaCl„,  melts  were  prepared  from  purified  alu¬ 
minum  chloride  and  vacuum-dried  sodium  chloride.  The 
melts  were  saturated  with  NaCl  at  175°C.  Any  remaining 
base  metal  impurities  in  the  melts  were  removed  by  adding 
aluminum  metal  (AESAR,  99.999%)  in  the  process  of 
preparing  the  melts. 

It  is  very  important  to  eliminate  small  amounts  of  oxide 
spiecies  in  the  melts  since  the  presence  of  the  oxide  species 
complicate  the  electrochemical  behavior  of  Ta,  Nb,  and 
W  in  these  melts.  *’■“'“  Recently,  we  reported  the  use  of 
phosgene,  COCI2,  to  convert  oxide  species  to  the  chloride 
species  in  basic  alkali  chloroaluminate  melts.’*  Very  re¬ 
cently,  we  have  found  that  carbon  tetrachloride  can  also 
remove  oxides  effectively.  The  treatm.3nt  with  CCI4  has  sev¬ 
eral  advantages  comp,  -ed  to  the  COClj-treatment  includ¬ 
ing  the  ease  of  hand!  ng  CCI4.  The  details  of  this  new 
method  will  be  reported  elsewhere.” 

Sodium  fluorochloroaluminate  melts  were  prepared  by 
mixing  CCl4-treated  AlCls-NaCl,,,  salts  with  high  purity 
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sodium  fluoride  in  a  suitable  ratio,  followed  by  premelting 
this  mixture  in  a  quartz  tube.” 

The  electrochemical  studies  were  performed  in  a  Pyrex 
cell  using  a  glassy  carbon  plate  as  a  counterelectrode,  a 
tungstei  wire  (0.5  mm  in  diam),  pbtmum  wire  (0.5  mm  in 
diam)  or  a  glassy  carbon  rod  as  a  working  electrode,  and  a 
platinum  wire  directly  immersed  in  the  melts  as  a  quasi- 
r^mcnce  electrode.  The  reference  electrode  was  a  silver 
wire  dipped  in  AlCls-NaClut  melt  containing  6.28  m/o  AgCl 
and  placed  in  a  thin  Pyrex  bulb.  The  silver  electrode  was 
foui^  to  be  very  stable  and  reproducible  even  at  high  tem¬ 
peratures,  while  an  aluminum  reference  electrode  was  not 
st«.auy  at  high  temperatures.  The  potential  difference  of  the 
Ag/Ag(I)  r^erence  vs.  A1  in  AlCls-NaCl^t  at  175°C  was 
fou>  1  to  be  1.090  ±  0.005  V.  The  platinum  quasi-ielerence 
electrode  was  used  as  the  reference  electrode  for  the  elec¬ 
trochemical  measurements,  since  the  resistance  across  the 
Pyrex  membrane  was  very  high.  The  potential  differences 
between  the  platinum  quasi-reference  and  the  silver  refer¬ 
ence  electrodes  were  measured  using  a  high  impedance 
multinmter  (Keithley  173A)  before  taking  any  voltam- 
mr^rams.  In  this  report,  the  potentials  given  are  with  re¬ 
spect  to  the  silver  reference  electrode. 

The  exhaustive  electrolyses  were  performed  using  a  large 
surface  area  glassy  carbon  crucible  as  a  working  electrode. 
An  aluminum  coil  sealed  in  a  glass  tube  and  separated  by  a 
beta-alumina  diaphragm  was  used  as  a  counterelectrode. 
We  found  that  a  twta-aliunina  diaphragm  was  suitable  for 
the  exhaustive  electrolysis  of  a  species  with  high  vapor 
pressure  since  it  is  a  good  sodium  ion  conductor  and  is 
gas  tight. 

All  handling  of  melts  and  solutes  was  done  in  a  nitrogen 
fllled  dry  box  (moisture  level  <2  ppm).  Cells  and  ampids 
were  torch  sealed  under  vacuum  (<50  mlbrr). 

An  EGdtG  Princeton  Applied  Research  (PAR)  poten- 
tiostat/galvanostat  (Model  273)  connected  to  an  IBM  com¬ 
puter  (PS/2  Model  70  386)  utili2±ag  the  PAR  M270  software 
package  was  used  to  obtain  cyclic,  normal  pulse,  and 
square  wave  voltanunograms. 

Raman  spectroscopic  measurements  were  performed  as 
described  previously.**'”  A  furnace  of  the  proper  optical 
design  was  constructed  in-house  and  enabled  the  detection 
of  Raman  signals  at  90°  to  the  excitation  beam.  Fairly  high 
power  levels,  typically  400  mW,  were  required  because  of 
losses  at  the  windows  of  the  furnace.  The  monochromator 
slits  were  set  for  a  bandpass  of  3  cm~'. 

Ultraviolet-visible  absorption  spectra  were  recorded  at 
room  temperature  (25°C)  in  10  mm  path  length  quartz  cells, 
using  a  Hewlett  PackaM  8452A  diode  array  spectropho¬ 
tometer  or  a  Varian  Cary  219  spectrophotometer. 

The  chemical  analyses  were  performed  by  Schwarzkopf 
Microanalytical  Laboratory,  Incorporated. 

RmuIIs 

Characterization  of  the  flMrochloroaluminate  melts. — 
In  this  study,  we  focused  otu*  attention  on  the  electrochem¬ 
ical  behavior  of  tantalum(V)  in  sodium  fluorochloroalumi- 
rrate  melt,  NaAlCl4-NaF  (90-10  m/o).  Sato  et  oi.” 
investigated  the  phase  prop^ies  of  fluoride-containing 
sodium  chloroaluminate  systems  using  differential  thermal 
analysis.  Their  results  indicated  that  the  system  NaAlCV 
NaF  (90-10  m/o)  exhibited  two-phase  transition  tempera¬ 
tures,  395  and  152‘’C.  Although  some  solid  material  precip¬ 
itated  from  the  solution  at  temperatures  2200°C,  the 
amount  of  liquid  phase  was  sufficiently  large  to  permit  the 
use  of  this  melt  over  a  large  temperature  range. 

Since  it  is  important  to  know  composition  of  the  liq¬ 
uid  and  solid  phases  of  the  fluorochloro  melts  at  tempera¬ 
tures  lower  than  the  liquidus  point,  the  liquid  phase  was 
analyzed  by  Raman  spectroscopy  and  chemical  analysis, 
and  the  solid  phase  was  characterized  by  x-ray  diffraction. 
Figure  1  shows  the  Raman  spectra  of  the  liquid  phase  of 
NaAlCU-NaF  (89.86-10.14  m/o)  melt  at  several  tempera¬ 
tures.  First,  the  sample  was  gradually  heated  to  550°C,  at 
which  temperature  it  was  completely  molten,  and  then  the 


fig.  I.  lypied  Raman  tpodra  of  the  liquid  pliOM  of  NoAlCU-NaF 
(89^6-10.14  m/o|  mak  of  dWefsnt  temparahiies  (550,  400,  and 
250‘O.  ExdMion  wowAngth,  488.0  am;  aaciWion  poww, 
400  mW;  bondpaw,  3  an~'. 


spectrum  was  acquired  after  30  min  of  equilibration.  Next, 
the  temperature  of  the  sample  was  gradually  lowered  and 
equilibrated  at  the  lower  level  for  at  least  30  min  prior  to 
data  acquisition.  The  frequenc'es  of  the  observed  bands  are 
presented  in  Table  I.  The  frequency  of  band  4  was  obtained 
by  deconvolution  of  band  3  and  band  4  using  a  nonlinear 
least  squares  ciu-ve  fitting  technique.  The  deconvoluted 
bands  were  integrated  to  determine  their  areas.  Bands  1,2, 
and  3  were  assigned  to  AlCl;  species  and  band  4  to  the 
fluorochloro  species,  AlClsF".  *’  It  is  important  to  note  that 
the  band  for  the  fluorochloro  species,  AlCljF",  is  observed 
at  lower  temperatures  (even  at  200°C).  The  ratio  of 
[AlCljF'/AlCU]  in  the  liquid  phase  was  approximately 
constant  in  the  temperature  range  studied  since  the  area 
ratio  of  was  nearly  independent  of  the  temper¬ 

ature.  It  appeared  that  only  a  relatively  small  amount  of  the 
fluoride  species  precipitated  at  lower  temperatures.  This 
conclusion  was  supported  by  the  chemical  analysis  of  the 
liquid  phases  at  350  and  250°C,  which  contained  1.3  w/o 
and  0.86  w/o  F,  respectively,  [the  theoretical  F  content  is 
1.06  w/o  in  the  NaAlCL-NaF  (89.86-10.14  m/o)  melt]. 

The  results  from  Raman  spectroscopy  were  in  good 
agreement  with  the  x-ray  diffraction  studies  of  the  precipi¬ 
tate  from  the  same  melts  at  250‘’C  since  the  main  compound 
in  the  precipitate  was  identified  as  NaCl.  From  these  re¬ 
sults,  it  is  reasonable  to  conclude  that  the  sodium  chloro¬ 
aluminate  melts  containing  10.14  m/o  NaF,  at  temperatures 
below  the  liquidus  point  are  fluorochloroaluminate  melts 
saturated  with  NaCl. 

The  voltammetric  cheiracteristics  of  the  fluorochloroalu- 
minate  melt  differed  from  AlCL-NaCl^,  melt  at  different 
temperatures.  Typical  cyclic  voltanunograms  at  a  timgsten 
electrode  at  450'’C  in  these  melts  are  shown  in  Fig.  2  and  the 
cat-  'die  limits  are  listed  in  Table  H.  The  cathodic  limit 


labia  I.  RanMn  ipadral  data  for  Ihe  fiquid  phoM  of  Ihe  NoAtCU-NoF 
(89.86-10.14  m/(4  syslam. 


t 

(°C) 

Band  1 
(cm‘) 

Band  2 
(cm') 

Band  3 
(cm‘) 

Band  4 
(cm') 

SB*i»d4 

550 

119.8 

182.8 

346.5 

376.6 

0.062 

450 

119.4 

184.0 

347.9 

379.2 

0.061 

400 

121.2 

184.6 

348.7 

380.7 

0.060 

350 

119.2 

183.6 

349.3 

382.3 

0.057 

300 

121.0 

183.8 

349.9 

383.1 

0.059 

250 

119.6 

183.0 

350.3 

384.4 

0.059 

200 

119.9 

183.3 

351.0 

385.1 

0.059 

is  the  area  ratio  of  band  4  over  band  3.  The  areas  were 
obtained  by  integrating  the  deconvoluted  band  3  and  band  4,  re¬ 
spectively. 


shifted  to  more  positive  values  in  both  melts  as  the  temper¬ 
ature  was  increased.  The  cathodic  limit  of  the  melt  contain¬ 
ing  NaF  was  more  negative  at  high  temperatures  than  that 
of  the  melt  without  NaF  added.  This  fact  is  important  in 
studying  the  electrochemical  behavior  of  Ta  species,  since 
the  most  negative  reduction  wave  is  very  close  to  the  ca¬ 
thodic  limit  (see  below).  An  additional  advantage  of  the 
fluorochloro  melts  over  the  saturated  chloro  melts  is  that 
tl^  fluorochloro  melts  contain  enough  Cl*  ions  to  complm: 
the  Th**  species  as  IhCU  in  the  TaCls  concentration  range 
studied  (<0.3  mol/kg).” 

The  anodic  limit  in  the  fluorochloro  melt  occurred  at  less 
positive  potentials  than  in  the  chloro  melt  at  high  tempera¬ 
tures.  Ttds  is  believed  to  be  due  to  the  higher  fiw  Cl'  activ¬ 
ity  in  the  former  melt. 

The  electrochemical  behavior  of  a  glassy  carbon  elec¬ 
trode  in  this  melt  was  identical  to  that  of  a  timgsten 
electrode,  while  the  behavior  of  a  Pt  electrode  was  compli¬ 
cated  at  high  temperatures  (>300‘’C)  by  the  formation  of 
Al-Pt  alloys. 

Cyclic  voltammetry. — Several  electrochemical  tech¬ 
niques,  including  cyclic  voltammetry,  normal  pulse 
voltammetry,  square  wave  voltammetry,  and  exhaustive 
electrolysis  were  used  to  study  the  electrochemical  behav¬ 
ior  of  tantalum  species. 

Figure  3  shows  typical  voltammograms  of  tantalum(V) 
obtained  in  the  AlCl,-NaC]«,  melt  (Fig.  3a)  and  in  the  fluo- 
rochloroaluminate  melt,  NaAlCl4-NaF(90-10  m/o)  (Fig.  3b) 
at  250°C.  For  convenience,  the  last  cathodic  wave  is  re¬ 
ferred  to  as  wave  3c  since  a  new  peak  appears  at  high  tem¬ 
peratures  at  a  potential  between  the  fii^  and  the  second 
waves  observed  at  low  temperatures.  It  may  be  seen  that 
the  electrochemical  behavior  of  the  tantalum(V)  species  in 
the  chloro  melt  is  similar  to  that  in  the  fluorochloro  melt.  It 
is  noted  that  the  peak  potentials  of  waves  Ic  and  3c  in  the 


Ihbia  I.  ComporiMn  of  ihe  ocMhodk  iMh  of  Iho  AlClrNaCI,^  mok 
(EU  omI  NoAfa-MoF  (90-10  m/o|  mok  (EM 


trc) 

«ia(V) 

Bir{V) 

Eor"Eoa 

200 

-1.214 

-1.171 

0.043 

250 

-1.191 

-1.196 

-0.005 

300 

-1.130 

-1.192 

-0.062 

350 

-1.090 

-1.188 

-0.098 

400 

-1.069 

-1.182 

-0.113 

450 

-1.020 

-1.130 

-0.110 

Et,  the  potentials  at  i,  =  0,  were  determined  by  extrapolating  the 
Al(^  reduction  current  to  zero.  Scan  rate  0.1  V/s. 


E(V)vsAg/AgCI 

Rq*  3,  lyptool  cydk  vokommooramt  of  toiilulum(Vl  ot  o  Hmgsliii 
aladredo  (0.175  cm^  at  250X,  (i4  in  kio  AfOt-NoCLmok  wkh  5^ 
X  10'*mol/lq1ad,al0.1  V/s;(b)inlhaNaAia-NoF(90-10m/o) 
mak  37.6  x  10  ’  mol/kp  IbCis  at  0-5  V/s. 


NaCl-saturated  chloro  melts  are  slightly  more  positive 
than  the  corresponding  waves  in  the  fluorochloro  melts  at 
the  same  ThCU  concentration.  'Oie  cyclic  voltammetric  be¬ 
havior  seems  to  be  more  complicated  in  the  chloro  melts  at 
high  TaClj  concentrations  (>co.  50  mAf)  because  TaCU  and 
IhCU  coexist  in  the  chloro  melt  according  to  our  recent 
Raman  studies  of  the  melt  with  a  higher  ThCl,  concentra¬ 
tion.  These  results  indicate  that  as  the  concentration  of 
TaCli  in  the  melt  is  increased  the  relative  concentration  of 
ThCl}  to  TaCli  increases  as  the  concentration  of  Cl'  de¬ 
creases  due  to  complexation  with  TaCU.  In  the  fluorochloro 
melts,  only  TaCU  was  observed  in  the  TaCU  concentration 
range  studied,  <0.3  mol/kg.  Therefore,  the  electrochemistry 
of  tantalum(V)  species  in  the  fluorochloro  melt  (10  m/o 
NaF)  is  the  primary  emphasis  of  this  paper  and  the  follow¬ 
ing  discussion  deals  with  studies  in  the  fluorochloro  melt 
unless  otherwise  specified. 

Two  main  reduction  waves  were  observed  at  lower  tem¬ 
peratures.  The  first  one  (Ic)  was  well  defined  while  the 
second  one  (3c)  was  poorly  defined.  The  anodic  behavior 
was  strongly  dependent  on  the  reversal  potential.  One  oxi¬ 
dation  wave  (la)  was  observed,  which  corresponded  to 
wave  Ic  when  the  reversal  potential  was  more  positive  than 
that  of  the  onset  of  wave  3c.  Two  new  anodic  waves  (3a  and 
4a)  were  observed  when  the  potential  was  reversed  at  po¬ 
tentials  corresponding  to  wave  3c.  It  is  interesting  to  note 
that  the  small  anodic  wave  (3a)  was  associated  with  wave 
3c  while  the  anodic  wave  4a  appeared  at  a  much  more  pos¬ 
itive  potential  than  that  of  wave  la.  Wave  4a  had  the  ap¬ 
pearance  of  an  anodic  stripping  wave  of  an  insoluble  spe¬ 
cies  on  the  electrode  surface. 

The  cyclic  voltammetric  behavior  of  the  first  redox  cou¬ 
ple  (Ic  and  la)  of  tantalum(V)  at  a  tungsten  electrode  was 
found  to  be  a  function  of  the  scan  rate  and  temperature 
(200  and  250°C)  as  depicted  in  Fig.  4.  As  the  scan  rate  was 
increased  and  the  temperature  was  decreased,  a  cathodic 
shoulder  (Ic')  became  more  prominent.  At  lower  scan  rates 
(<0.5  V/s  at  250‘’C),  the  shoulder  almost  disappeared.  As 
shown  in  Table  III,  the  cathodic  peak  potentials  of  wave  Ic 
shifted  to  more  negative  values  with  an  increase  in  the  scan 
rate,  while  the  half -peak  potentials  were  essentially  inde¬ 
pendent  of  the  scan  rate.  It  was  noted  that  the  ratio  I^Jv 
decreased  as  the  scan  rate  increased. 
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Rg.  4.  Ilie  MM  rate  end  I 

mograew  of  lMlalun(V|  ipedet  for  t»  iinl  redox  couple  in 
lluoredderDeiellu»Mh34  X  10'*inol/ln1aCL(a|aiid|b|at2S0X, 
(d  at  200°C  A  hinpeM  oledrade  f0.1^  oin  wm  uied.  |a)  0.01, 
aOS,  0.1, 0.2  V/t;  M  1,  ^  5  V/s;  (d  1  V/i. 


The  anodic  behavior  (la  and  la')  also  changed  with  the 
scan  rate.  At  high  scan  rates  (>0.1  V/s),  only  one  well-de¬ 
fined  wave  (la)  was  observed  while  two  anodic  waves  (la 
and  la')  appeared  at  0.05  V/s.  Wave  la'  became  the  main 
anodic  wave  at  0.01  V/s  and  250°C.  At  a  relatively  low  tem¬ 
perature  (200‘’Q,  the  reaction  associated  with  wave  la' 
dominated  the  anodic  behavior  even  at  1  V/s  (Fig.  4c). 

The  cathodic  shoulder  (Ic')  was  not  observed  at  a  higher 
TaCU  concentration  (75.4  x  10~’  mol/kg).  Both  the  peak 
potential  and  the  half-peak  potential  of  wave  Ic  tended  to 
shift  to  more  positive  values  as  the  TaClj  concentration 
was  increased  (Table  TV).  The  slope  of  or  vs.  In  (c) 
was  determined  to  be  in  the  range  of  19  to  25  mV,  which 
agreed  with  the  expected  value  of  22.5  mV  at  250'‘C  for  an 
EC  reaction.”^ 

The  overall  cyclic  voltammograms  of  tantalum(V)  at  a 
tungsten  electrode  were  influenced  by  the  temperatiue. 
Typical  cyclic  voltammograms  of  tantalum(V)  species  at 
temperatures  ranging  from  300  to  450’’C  are  shown  in 
Fig.  5. 

*  m  Ctm4ir  - £_  al —  ftrsl  -  - - 

iPBiv  M*  vpmnmMnc  aim  lor  mv  imr  rawfcmii  wuvv 

of  tankaumOO  (34  x  10~*  mol/l^  in  llw  NaAICl4-lW 
(OO'IO  m/ti  mok. 


e(V/s) 

£p.(V) 

^(p/2>c(V) 

0.01 

-0.538 

-0.453 

10.43 

0.05 

-0.537 

-0.446 

8.96 

0.10 

-0.544 

-0.441 

8.54 

0.20 

-0.554 

-0.441 

8.11 

0.50 

-0.578 

-0.440 

7.83 

1.00 

-0.595 

-0.437 

7.45 

2.00 

-0.631 

-0.447 

6.86 

5.00 

-0.867 

-0.449 

6.71 

L.  in  mA 

Tungsten  electrode  area:  0.175  cm‘. 
Temperature;  250°C. 


likfe  IV  TIm  loaiahMiM  MMMftnoiiaik  of  f. 
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mab  at  2S(FC  end  0.1  V/s. 


TbCl, 

(xio*’  mol/kg) 

F„(V) 

12.3 

-0.551 

-0.406* 

34.0 

-0.544 

-0.441 

37.6 

-0.544 

-0.445 

79.5 

-0.527 

-0.432 

138.8 

-0.517 

-0.427 

*  In  the  case  of  the  lowest  ThClj  concentration,  wave  Ic  is  signif¬ 
icantly  affected  by  the  shoulder  (IC). 


Three  main  reduction  waves  (Ic,  2c,  and  3c)  were  ob¬ 
served  when  the  temperature  was  350°C  or  higher.  A  small 
shoulder  (3c')  also  appeared.  A  new  wave  (2c)  was  observed 
at  high  temperatures  (Fig.  5)  and  it  became  more  pro¬ 
nounced  as  the  temperature  was  increased.  In  other  words, 
the  first  reduction  wave  observed  at  lower  temperatures 
split  into  two  waves  at  higher  temperatures.  The  first  wave 
(Ic)  seemed  to  change  only  slightly  while  the  last  two  waves 
(2c  and  3c)  increased  greatly  as  the  temperatiue  was 
increased. 

The  oxidation  waves  coresponding  to  waves  Ic  and  2c 
were  ill-defined  at  higher  temperatures  in  the  overall  cyclic 
voltammograms  (Fig.  5)  while  waves  4a  and  4a'  at  positive 
potentials  (between  ca.  0  and  ca.  0.4  V)  were  very  pro¬ 
nounced.  It  was  found  that  the  anodic  behavior  was  de¬ 
pendent  on  the  reversal  potential  and  the  delay  time 
(Fig.  6).  When  the  cyclic  voltammogram  was  reversed  at  a 
potential  corresponding  to  wave  Ic,  only  wave  la  was  ob¬ 
served.  This  indicated  that  the  reduced  species  correspond¬ 
ing  to  wave  Ic  was  relatively  stable  at  450°C.  A  large  anodic 
wave  (4a)  appeared  if  the  reversal  potential  was  extended 
to  Wave  2c  and  a  delay  time  was  used  (Fig.  6b).  The  corre¬ 
sponding  anodic  waves  (la  and  2a)  almost  vanished.  When 
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the  reversal  potential  was  extended  to  the  third  cathodic 
wave,  the  large  anodic  wave  was  composed  of  two  waves 
(4a  and  4a')  (Fig.  6c).  A  relatively  small  stripping  wave  (3a) 
was  found  in  the  cyclic  voltammogram  with  a  short  delay 
time  (2  s).  During  the  electrolyses  or  electrodeposition  us¬ 
ing  a  small  electrode,  an  insoluble  black  deposit  was 
formed  at  potentials  corresponding  to  the  second  or  third 
wave.  The  black  deposit  was  found  to  dissolve  in  ethanol 
forming  yellow  or  green  solutions.  The  spectra  of  these  so¬ 
lutions  are  discussed  below. 

Normal  pulse  voltammetry. — Topical  normal  pulse 
voltammograms  of  Ta(V)  at  a  ttmgsten  electrode  at  differ¬ 
ent  temperatures  are  shown  in  Fig.  7.  It  was  evident  that 
these  voltammograms  were  strongly  dependent  upon  tem¬ 
perature.  At  lower  temperatures  (<300”C),  two  main  ca¬ 
thodic  waves  (waves  1  and  3)  were  observed.  As  the  temper¬ 
ature  was  increased  to  350°C  or  higher,  another  wave  (wave 
2)  was  observed;  this  wave  became  more  pronoxmeed  at  400 
and  450‘’C.  The  third  wave  (wave  3)  grew  significantly  with 
temperature.  This  wave  e^bited  a  maximum  at  a  lower 
temperature  (<350°C)  when  a  short  pulse  width  (0.1  s)  was 
applied  (Fig.  7).  The  maximum  was  diminished  at  a  long 
pulse  width  (>0.5  s).  The  second  wave  was  steeper  than  the 
first  wave  although  the  ratios  of  the  second  limiting  ciur- 
rent  over  the  first  limiting  current  were  close  to  unity  at  350 
to  450“C  (Table  V). 

According  to  Flanagan  et  al.,’^  no  visible  anomaly  is 
present  in  the  normal  pulse  voltammograms  when  only  the 
reduced  species  are  adwrbed.  For  a  CE  or  EC  process,  plots 
of  E  vs.  In  [(Id  -  /)//]  have  the  same  slope  as  that  for  a 
simple  redox  reaction  without  a  preceding  or  following 
chemical  reaction.^'  Therefore,  we  can  use  the  plots  of  E  vs. 
In  [(id  ~  I)/I]  to  evaluate  the  n-values  of  waves  1  and  2 
although  ^ese  two  waves  may  involve  a  following  or  a 
preceding  chemical  reaction. 

The  plots  of  E  vs.  In  [(Id  -  I)/l]  tor  wave  1  at  both  200- 
300'’C  and  400-450°C  gave  excellent  linear  curves.  Typical 


results  are  summarized  in  lUde  V.  It  was  found  that  dw 
slopes  of  these  plots  for  wave  1  agreed  well  with  the  theo- 
retiad  values  (rf  (JET/nF)  far  n  >  1  in  a  wide  temperature 
range.  A  reasimable  plot  tar  wave  1  at  3S0*C  '■ould  not  be 
obtained  since  wave  2  is  too  close  to  wave  1.  Linear  rela¬ 
tions  of  Eos.  In  [(i,  -  I)/I]  for  wave  2  were  a’so  found  at  400 
to  4S0*C.  An  ft->^ue  of  ca.  2  was  found  while  the  limiting 
current  ratios  of  wave  2  ova-  wave  1  were  approximately  1 
as  mentioned  above. 

TTie  plots  of  E  vs.  In  [(L  -  /)//]  for  wave  3  were  not  linear. 
The  formation  of  a  la^  amoimt  of  solid  material  on  the 
electrode  surface  was  observed  at  these  potentials.  The  lim¬ 
iting  current  ratio  of  wave  3  over  wave  1  was  about  three  at 
400-450*0,  while  it  was  approximately  one  at  350*C. 

Square  wave  voltammetry. — Ramaley  and  Krause”-”  de¬ 
veloped  the  theory  of  square  wave  voltammetry  for  the 
hanging  mercury  drop  electrode;  however,  the  treatment 
was  limited  to  small  step  heists  (and  consequently,  slow 
scan  rates).  Osteiyoung  and  coworkers”~”  have  made  sig¬ 
nificant  contributions  to  the  theory  of  the  square  wave 
voltammetry  including  systems  with  coupled  chemical  re¬ 
actions.  Square  wave  voltammetry  has  previously  been  ap¬ 
plied  to  studies  of  moltmi  salt  solutiorui.” 

In  the  square  wave  voltammetry  used  in  this  work,  the 
currents  are  sampled  at  the  end  of  both  the  forward  and 
reverse  halves  of  the  cycle.  The  net  cirrrent  is  the  difference 
of  the  forward  current  and  the  reverse  current.  For  a  simple 
reversible  reaction,  the  net  current-potential  curve  is  bell 
shaped  and  symmetrical  about  the  half-wave  potential, 
and  the  peak  height  is  proportional  to  concentration.  The 
shape  of  the  net  current  voltammogram  is  relatively  insen¬ 
sitive  to  a  variety  of  common  complications  in  voltammet- 
ric  experiments.  The  theoretical  relationships  for  a  re¬ 
versible  reaction  are  as  follows  for  a  pulse  height  of  E„  = 
25mV“ 

Win  =  3.91ffr/nF  [11 

=  1.95RT/nF  [2] 

where  and  W,/2f  represent  the  total  peak  width  and  the 
front  peak  width  at  h^  hei{^t.  These  two  equations  may 
be  used  to  estimate  the  n-values  of  reversible  electron- 
transfer  reactions  preceded  or  followed  by  a  chemical  reac¬ 
tion  since  the  peak  width  is  not  significantly  dependent  on 
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the  chanctortetics  the  coiqtled  chemical  reactions  and  is 
dose  to  the  theoretical  value  for  a  simple  revenible  dec- 
trem  transfer  reaction  although  the  pak  potential  shifts 
negative^  or  positively.” 

ngure  8A  shows  ^yidcal  net-current  square  wave 
voltammograms  of  tantalum(V)  at  a  tungsten  dectrode  at 
tenqteratures  from  200  to  450^.  These  voltammograms 
were  strongly  dependent  on  temperature  in  agreement  with 
the  cydic  normal  pulse  voltammograms  discussed 
above.  Only  one  wdl-defined  wave  (wave  1)  appeared  at 
200*C.  As  the  temperature  was  increased  to  300*C  or  hitler, 
a  new  wave  (wave  2)  appeared,  and  this  wave  became  much 
better  defined  at  tonperatures  hi^ier  than  3S0*C.  This 
wave  shifted  to  a  more  negative  potential  with  tempera¬ 
ture.  Althou^  wave  3  was  ill-defined  at  tenq>eratures 


lower  than  300*’C,  it  became  well-defined  at  hi^ier  temper¬ 
atures. 

The  peak  heists  and  peak  widths  of  wave  1  can  be  di¬ 
rectly  determined  from  the  eqmimental  results.  For  the 
case  of  wave  2,  it  is  necessary  to  separate  wave  2  firom  wave 
1.  Since  the  net-current  voltammograms  are  bell-shaped 
and  symmetric,  the  “back  side”  curve  of  wave  1  may  be 
obtained  by  a  symmetric  extensim.  The  “front  side”  of 
wave  2  is  obtain!^  by  subtracting  the  back  side  of  wave  1 
from  the  eiq>erimen^  curve  at  the  coneqxmding  poten¬ 
tials.  A  typical  result  is  shown  in  Fig.  8B.  The  peak  heicpit 
and  width  of  wave  2  can  be  detomined  frtHn  the  resulting 
wave. 

The  peak  potentials  and  widths  are  presented  in  Table  VI. 
It  is  obvious  that  wave  3  shifted  to  more  positive  potentials. 
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wdiile  wave  2  moved  in  the  opposite  direction  as  the  tem¬ 
perature  was  increased,  llie  positimi  of  wave  1  was 
changed  only  slightly.  The  peak  hei^t  ratios  of  wave  2  over 
wave  1,  IfJIfi,  m  close  to  one  althou^  they  were  slightly 
highor  than  mie  at  a  low  frequency  (10  Hz).  The  ratio  of 
wave  3  to  wave  1,  was  found  to  be  between  1.6  and 
2.5;  it  decreased  sU^uy  with  an  increase  in  tenqierature. 
The  calctilated  n-values  are  given  in  Table  VI.  The  n-value 
fm  wave  1  was  dose  to  unity  althou^  errors  may  be  pro¬ 
duced  due  to  the  shoulder  observed  in  the  <7dic  voltam- 
mograms  at  a  lower  temperature  (<300”C).  The  number  of 
dechxHU  involved  in  wave  2  was  foimd  to  be  two  and  that 
for  wavo3  was  between  1.5  and  2.05.  These  results  are  in 
good  agreement  with  those  obtained  from  normal  pulse 
voltammograms  (ThUe  V). 

Figure  9  shows  typical  square  wave  voltammograms  for 
the  forward  and  reverse  currents.  Three  anodic  waves  were 
observed  cormponding  to  the  three  cathodic  reduction 
waves  even  at  a  hi^ier  temperature  while  these  anodic 
waves  were  pomly  defined  in  the  cyclic  voltammograms 
(Fig.  5  and  6).  This  may  be  due  to  ^e  fact  that  the  time 
between  reductimi  and  oxidation  in  square  wave  voltam¬ 
metry  was  so  short  that  only  a  small  amount  of  the  reduced 
species  was  consumed  by  tite  following  chemical  reactions, 
nie  chonical  reaction  following  the  electron  charge  trans¬ 
fer  in  wave  2  became  foster  at  a  hi^ier  temperature  (450”C) 
as  indicated  by  the  fact  that  the  anodic  wave  (wave  2a) 
almost  disappeared  at  low  frequencies  (compare  Fig.  9c 
and  d). 

Kxhatistfoe  and  controUed-potentioi  electrolytet  of 
Ta(V). — It  is  dear  that  the  electrochemistiy  of  Th(V)  in 
thw  melts  is  cmnplicated  by  coupled  chonical  reactions. 
Ehdiaustive  coulometry  provides  additional  information  on 
the  reduction  process  since  the  n-value  for  each  reduction 
wave  can  be  determined.  The  electrolyses  were  conducted 
both  at  a  lower  temperature  (co.  200*C)  and  a  hi^er  tem- 
peratiue  (450*C!)  at  different  potentials.  Typical  results  are 
summarized  in  Ihble  Vn. 

For  the  first  reductitm  wave  at  a  lower  temperature  (see 
Fig.  3),  the  n-value  was  found  to  be  approximately  2  when 
the  electrolysis  was  performed  at  -0.75  V  and  210*’C.  This 
result  was  quite  surprising  since  the  value  of  n  s  1  was 
found  from  nmrmal  pulse  and  square  wave  voltammograms 
as  mentioned  above.  The  product  dissolved  in  ethanol  or 
distilled  water  to  give  an  essentially  colorless  solution. 


Only  a  very  weak  band  with  an  absorption  maximum  at  ca. 
330  nm  was  observed  \ising  UV-visible  spectroscopy. 

The  electrolysis  at  -1.0  V  and  205*C  was  carri^  out  to 
investigate  the  last  reductitm  wave  (see  Fig.  3).  The  voltam- 
metxic  changes  were  monitored  by  interrupting  the  elec¬ 
trolysis  and  using  a  tungsten  worldng  electee  in  this  cell 
to  record  the  voltanmu^rams  (cyclic  voltammograms  (CV) 
and  square  wave  voltammograms  (SWV)].  The  cj^c 
voltammograms  before  the  exhaustive  electrolysis  were 
idotical  to  those  shown  in  Fig.  3b.  The  electrolysis  current 
decreasedmaikedly  fnnn  70  to  3.6  mAin  thefirst  2  h.  It  was 
also  noticed  that  the  first  reduction  wave  at  the  tungsten 
electrode  decreased  with  time  and  disappeared  after  1.8  h 
of  electrolysis.  The  n-value  at  this  point  was  found  to  be 
2.73  whidi  was  close  to  the  n-value  of  2.67  for  reducing 
Th(V)  to  the  Ts^**  cluster.  The  voltairunogranu  showed  a 
si^ificant  change.  Typical  square  wave  vrdtammograms  at 
the  tungsten  electro^  after  1.8  h  are  shown  in  Fig.  10a. 
These  voltarrunograms  were  very  sunilar  to  those  for  a 
Tk«Cl»  cluster  coating  on  a  glaWy  carbon  electrode  in 
AlCl,-NaClMt  melt  (Fig.  10b).  At  this  point  the  dlectrolysis 
current  had  decreed  to  3.6  mA,  and  the  electrolysis  be¬ 
came  very  slow.  We  also  found  that  the  current  of  the 
square  wave  voltammograms  at  the  tungsten  electrode  for 
the  tantalum  cluster  gradually  decrea^  (Fig.  10c).  The 
final  n-value  was  observed  to  be  approximately  five.  When 
the  electrolysis  was  completed,  the  waves  for  foe  tantalum 
cluster  disappeared,  and  foe  n^t  became  almost  colorless. 

At  a  higher  temperature,  450*C,  foe  n-values  were  found 
to  be  1,  5,  and  5  for  foe  fint,  second,  and  third  reduction 
waves,  req>ectively,  from  foe  exhaustive  electrolyses  at 
-0.5,  -0.75,  and  -1.0  V  vs.  Ag/AgCl.  The  melt  became 
greenish  and  fiiudly  colorless  in  foe  case  of  the  electrolyses 
at  -0.75  and  -1.0  V;  foe  glassy  carbon  electr^es 
(crucibles)  were  coated  by  a  shiny  metallic  film.  This  shiny 
film  was  identified  as  metallic  tantalum  by  means  of 
x-ray  diffraction. 

Additional  information  for  foe  second  reduction  wave 
was  extracted  fiom  foe  square  wave  voltammogram  of  foe 
mtit  which  had  been  exhaustively  electrolyzed  at  -0.5  V. 
The  forward  width  was  determined  to  be  60.2  mV,  from 
which  foe  n-value  of  2.02  was  obtained.  This  result  was  in 
excellent  agreement  with  that  given  for  this  reduction 
wave  in  Table  VI. 

Thick  black  deposits  were  formed  on  small  Ni  or  Pt  elec¬ 
trodes  by  controUed-potential  electrolyses  in  foe  potential 
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Rgkm  of  the  aeamd  and  third  cathodic  wavea  at  a  temper- 
atnre  of  450%.  The  !dadc  depoait  which  was  farmed  in  die 
ddrd  cathodie  wave  regiaa  at  200,450%,  was  identified  by 
x-ray  diSracthm  to  contain  a  tantalum  duster 
mixi^  witti  the  mdt  Gheen  aqueous  and  ethanol  adutians 
were  obtsdned  by  dissdving  dds  Mack  depict  in  distilled 
enter  in  air  and  in  edianol  under  an  inert  nitrogen  atmos¬ 
phere.  Both  of  dMoe  sbhitkxia  gave  the  same  XJV-visible 
spectrum.  Several  well-defined  absorption  maxima  erere 
waerved  at  252, 330, 305, 470, 635,  and  745  nm.  These  data 
erere  in  excellent  agreement  with  Kahn  and  HcCarleyb* 
«ad  our  ptevioas  results*  for  lh«Clu  in  aqueous  solution, 
indicating  that  the  blade  depodt  formed  at  the  potential 
region  of  die  third  wave  contained  the  TtuClg  dustor. 


Ufo  VB  fdioMive  olsckeMs  dais  for  1MV)  ia  *s 
Media,  Mrf  (90-10  n/el  aislt 


IhnqMrature  (*C) 

5(V)ra.Ag/Aga 

n-value 

210 

-0.75  (wave  Ic) 

2.05 

205 

-1.0  (wave  3c) 

2.73,*  5.07* 

4M 

-0.5  (wavelc) 

0.08 

450 

-0.75  (wave  2cj 

4.05 

400 

-1.0  (waveSe) 

4.00 

*  This  n-vshiecorrespoods  to  the  Mine  when  no  leductton  wave  of 
7a(V)  could  be  observed  in  the  cyclic  and  square  wave  vdtam- 
moMou  at  a  Pt  dectrode  in  the  same  cell. 

*  This  n 'Value  was  the  final  value  when  no  waves  for  the  Th,Cl» 
cluster  bom  square  wave  voltammograms  were  observed. 


A  Mack  deposit  was  also  formed  on  small  dectrodes  at 
the  potential  region  of  the  second  leductitm  wave  at  450%. 
Wba  this  black  deposit  was  dissolved  in  ethanol  under  a 
nitrogen  atmoqdwre,  a  greenish  yellow  solution  was  pro¬ 
duced.  These  qiectra  were  quite  different  from  that  for  a 
1h,Clu  soludim.  Several  wdl-<tefined  absmptitm  maxima 
woe  obtained  at  235, 252, 345, 424, 640, 760,  and  826  nm. 
The  main  absorption  ban^  were  in  very  go^  agreement 
with  the  results  of  McCarley  etal.**  for  Th,Clu  in  ethanol: 
235, 274, 344, 431,  735,  and  826  nm.  The  small  absorption 
maximum  of  640  run  may  indicate  that  the  greenish  y^ow 
solution  also  craitained  a  small  crmcentraticm  of  Th«Cl». 
Therefore,  we  may  condude  that  the  black  deposit  form^ 
at  the  potmtials  of  the  secemd  cathodic  wave  cemsisted  pri¬ 
marily  of  ThfClu  duster  spedes. 

Thin  metallic  tantalum  deposits  were  also  found  using 
ESCA  on  the  surfaces  of  the  small  electrodes  which  were 
obtained  in  the  potmitial  region  of  waves  2  and  3  after 
dissolving  the  thick  black  d^osits. 

PifTtUllOH 

Based  on  the  results  obtained  in  this  work,  it  ajqiears 
that  the  dectrochemical  reduction  of  tantalum(V)  in  fluo- 
rochloroaluminate  mdts  is  critically  dependent  on  temper¬ 
ature  and  is  complicated  by  following  chemical  reactions. 

Waves  1,  Ic,  and  2, 2c. — As  seen  above,  the  first  and  sec¬ 
ond  reduction  waves,  which  are  observed  at  a  higher  tmn- 
perature,  merge  into  one  reduction  wave  at  lower  tempera- 


KmA) 


E(V)vsA^Aoa 


E(V)v8Ag/AoO 


E(V)v8Ao/Aoa 


fio.  10.  SoMTO  warn  ytkmmmgnm  cf  W  ^  iMk  wirii  mMal 
1b^(2M  X  10~*  Mol/ligl  at  o  kMOrtw  aiKlrad*  oOir  1 J1  h 
vdniNtf**  ■hdralyib  ol  V  cnil  2MX;  M  ItatOuesoliM  on  a 

doHV  coAon  dbk  ohckodo  P  MM  h  AmoM  in  AlOrNaUiM  at 
OwiMkin  AaaaaMMlatvMdin|i4a^4.^  19.37, 
awJ2iJ4licl9MaiJioiii<»a  AcOolyiii.AloiFiwootaaMiogrMiw 
I  ofalaiMd  at  100  lb  fcoqumcy,  25  mV  pulM  oM^ihidt,  and  2 


turn.  Therefore,  we  discuss  these  two  waves  in  the  same 
section. 

Tlie  first  reduction  wave  of  tantalum(V)  was  reasonably 
wdl  defined  in  the  temperature  range  2(>0-450°C,  regard¬ 
less  of  the  voltammetric  method.  Ilie  o-va}ue  involved  in 
this  reduction  wave  was  deUnaiaMi  to  M  «>e  for  the 


voltammetric  time  scale  at  200-450'’C  from  normal  pulse 
voltammetry  (Table  V)  and  square  wave  voltammetry 
(Thble  VI).  Alro,  n  s  1  was  observed  for  a  relatively  long 
time  scale  at  a  higher  temperature  (450°C)  based  on  ex¬ 
haustive  electrolysis  (Table  VII).  Therefore,  we  conclude 
that  the  electron  transfer  reaction  involved  in  this  wave  is 
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the  reduction  of  a  Ih’*  species  (believed  to  be  TsCl,)  to  a 
Ih**  species 

Th**  +  e-*Ta‘*  [3] 

for  ^ort  time  scales  at  200-450‘’C  and  for  long  time  scales 
at  highnr  temperatures  (>300*0). 

The  presence  of  a  following  chemical  reaction  is  indi¬ 
cated  by  the  shift  of  the  peak  potential  of  wave  Ic  in  the 
positive  direction  with  increasing  tantalum(V)  concentra- 
ti<m.  Addititmal  evidmice  is  provided  by  normal  pulse 
voltammetry.  In  the  normal  pulse  voltanunograms  at  tem¬ 
peratures  >350°C,  the  height  ratios  of  wave  2  to  wave  1  are 
close  to  one  (see  Ibble  V).  However,  the  n-value  for  wave  2 
is  determined  to  be  two  from  both  normal  pulse  and  square 
wave  voltammograms.  The  limiting  current  of  a  normal 
pulse  wave  should  be  proportional  to  n  and  the  reactant 
concentration.*”  The  above  results  may  indicate  that  the 
concentration  of  the  product  is  only  about  half  that  of  the 
reactant.  Therefore,  the  following  dhemical  reaction  of  Ih** 
is  probably  the  dimerization  reaction  of  the  product  as 
follows 

2TB**  =  Ta}*  [4] 

which  occurs  slowly  at  <300*C. 

At  temperatures  lower  than  300°C.  the  differences  of  the 
n-value,  one  in  the  voltammetric  time  scale,  while  two  in  a 
long  time  scale  (exhaustive  electrolysis,  Ihble  VII),  also 
support  the  existence  of  the  following  chemical  reaction. 

Wave  2  or  2c  appeared  only  as  the  temperature  was 
increased  to  300‘C  for  square  wave  voltammetry  and  to 
350*C  for  cyclic  and  normal  pulse  voltammetries.  The 
n-value  from  the  slope  of  the  linear  relationship  of  E  vs.  In 
[(/,,  -  J)/I]  was  found  to  be  two  (Table  V).  Square  wave 
voltammetry  also  produced  an  n-value  very  close  to  two 
(Table  VI).  Based  on  these  results,  it  is  reasonable  to  sug¬ 
gest  that  the  electron-transfer  reaction  in  the  second  ca¬ 
thodic  wave  is  a  two-electron  reduction.  A  well-defined 
corresponding  oxidation  wave  (2a)  was  observed  in  the 
square  wave  voltammograms  (Fig.  9)  while  it  was  not  ap¬ 
parent  in  the  cyclic  voltammograms  (Fig.  3  and  6).  These 
results  indicate  that  the  intermediate  product  (Thf*)  was 
only  stable  for  a  very  short  time.  The  trivalent  tantalum 
species  was  also  previously  observed  to  be  unstable  in  the 
AICI3-EMIC  room  temperature  melt,”  and  acetonitrile.'* 
This  wave  involved  a  following  chemical  reaction,  since  a 
large  anodic  stripping  wave  (4a)  appeared  v  hen  a  delay 
time  was  applied  at  the  reversal  potential  of  the  s?cond 
wave  (Fig.  6).  The  presence  of  a  preceding  chemical  reac¬ 
tion  (the  dimerization  of  Ts**)  for  the  second  reduction 
wave  was  indicated  by  the  change  in  the  peak  height  ratios 
of  wave  2  over  wave  1  with  fr^uency  in  the  net-current 
square  wave  voltammograms;  ^e  ratio  was  greater  at 
10  Hz  than  at  100  Hz.  These  results  supported  the  above 
assumption  about  the  dimerization  reaction  of  Ta**  (reac¬ 
tion  4).  cluster  species  was  found  in  the  black  de¬ 

posit  from  the  potential-controlled  electrolysis  at  the  po¬ 
tentials  of  the  second  wave  at  450°C  using  a  small  electn^e. 
According  to  these  results,  the  reaction  sequence  is  pro¬ 
posed  to  be  as  follows 

Taf  +  2c-  =  Ta?  (51 

=  6Tb**  (or  STaJ*)  +  2Tai**  (6) 

The  trivalent  tantalum  species  (Ta|*)  became  less  stable 
as  the  temperature  was  increased  as  indicated  by  square 
wave  voltammetry  (Fig.  9),  i.e.,  the  corresponding  anodic 
wave  (2a)  was  less  pronounced  with  an  increase  in  the  tem- 
perattue  and  at  a  lower  frequency  (10  Hz  and  450*0. 

The  cluster  species  was  slowly  reduced  to  metallic  tanta¬ 
lum,  since  a  five-electron  transfer  was  observed  (Table  VII) 
and  a  shiny  metallic  tantalum  film  was  formed  on  the 
glassy  carbon  crucible  (with  a  large  surface  area)  from  ex¬ 
haustive  electrolysis. 

At  temperatures  lower  than  300*C  the  first  and  the  sec¬ 
ond  reduction  waves  merged  together  when  the  tempera¬ 
ture  was  decreased  from  450  to  200°C  in  CV,  NPV,  and 
SWV  studies.  Thus,  it  is  reasonable  to  propose  that  the  first 


reduction  wave  observed  at  a  temperature  <300°C  is  an 
ECEC  process  which  consists  of  reactions  3,  4,  5  and  6.  In 
this  process,  reaction  3  is  the  main  reaction  while  the  occur¬ 
rence  of  the  remaining  reactions  is  limited  due  to  the  slow 
following  reactions  4  and  6.  This  reaction  sequence  ex¬ 
plains  reasonably  well  the  results  both  from  CV,  NPV  and 
SWV  (short  time  scale)  and  the  exhaustive  electrolysis 
(long  time  scale).  A  similar  reduction  process  was  previ¬ 
ously  proposed  to  explain  the  electrochemical  behavior  of 
Tb(V)  in  acidic  AlCls-NaCl  melts’  at  temperatures  <200°C. 
However,  we  also  notice  that  the  electrochetnical  behavior 
of  Ta(V)  in  AlClj-NaCU  and  NaAlCl^-NaF  (90-10  m/o) 
melts  is  different  from  that  in  acidic  melts.  By  comparing 
our  present  and  previous  results,  two  well-separated  re¬ 
duction  waves  are  observed  in  acidic  melts’  while  only  one 
reduction  wave  appears  in  basic  melts  at  low  temoeratiues. 
As  mentioned  in  the  introduction,  the  electrochemical  be¬ 
havior  of  a  tantalum  chloride  sp>ecies  can  be  examined  only 
after  complete  removal  of  the  oxide  impurities  using  COCI2 
or  CCl,. 

A  shoulder  (wave  Ic')  appeared  in  the  cyclic  voltam- 
mograms  at  lower  temperatiires  (200  and  250°C)  and  higher 
scan  rates  (Fig.  3  and  4).  This  shoulder  became  less  signifi¬ 
cant  at  lower  scan  rates  or  as  the  tantalum(V)  concentra¬ 
tion  or  the  temperature  was  increased.  This  shoulder  may 
be  assigned  tentatively  to  the  adsorption  of  the  reduced 
species  according  to  the  theoretical  treatments."  *’ 

Wave  3,  3c. — Unlike  the  second  reduction  wave  which 
only  appeared  at  temperatures  >300  or  350°C,  this  wave 
was  observed  in  the  whole  temperature  range  studied  al¬ 
though  the  peak  height  was  si^iificantly  enhanced  as  the 
temperature  was  increased.  The  product  of  the  cathodic 
charge  transfer  reaction  of  this  wave  seemed  to  be  highly 
unstable  since  the  corresponding  oxidation  wave  (3a)  was 
very  small  in  the  cyclic  and  square  wave  voltammograms 
(Fig.  5  and  9).  Instead,  a  large  anodic  stripping  wave  com¬ 
posed  of  waves  4a  and  4a'  was  observed  at  much  more  pos¬ 
itive  potentials  (between  0  and  0.4  V).  The  n  -value  involved 
in  wave  3  or  3c’  was  approximately  equal  to  two  from 
square  wave  voltammograms  (Table  VI).  The  electron 
transfer  reaction  may  be  written  as  follows 

Ta|*  +  2e-=Ta5^  [7] 

The  smaller  and  ill-defined  voltammetric  wave  at  a  lower 
temperature  (<300°C)  resulted  from  the  limited  formation 
of  ThJ’  species  by  the  slow  following  chemical  reaction  (re¬ 
action  4). 

The  product  of  this  step,  the  divalent  tantalum  species, 
decomposes  quickly  to  form  the  tantalum  cluster  'I^*'  (or 
Ta«Clf;)  and  metallic  tantalum,  as  indicated  by  the  UV-vis- 
ible  spectra  of  the  black  deposit  dissolved  in  ethanol  or 
distilled  water  and  the  electron  spectroscopy  for  chemical 
analysis  of  the  electrodeposited  electrode  surface.  The  re¬ 
sults  of  exhaustive  electrolysis  (Fig.  10)  also  show  the  for¬ 
mation  of  the  cluster.  The  following  chemical  reaction  is 
proposed 

7Ta}*  =  2Tai**  +  2Ta“  [8J 

The  exhaustive  electrolysis  results  in  the  transfer  of  five 
electrons  (Thble  VII)  and  the  formation  of  metallic  tanta¬ 
lum  film.  Figure  10c  also  shows  further  reduction  of  the 
tantalum  cluster.  These  results  indicate  that  the  Ta”*  clus¬ 
ter  is  slowly  reduced  to  metallic  tantalum. 

Waves  4o  and  4a'. — From  the  discussion  above,  it  is  obvi¬ 
ous  that  these  two  anodic  stripping  waves  are  associated 
with  the  electrochemical  oxidation  of  the  tantalum  clus¬ 
ters,  Ta«Cl„  and  TagCln.  formed  in  the  second  and  third 
reduction  waves  (Fig.  5  and  6). 
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ABSTRACT 

Raman  and  UV-visible  absoiptiim  spectroscc^ies  indicate  that  the  addition  of  WCU  or  KW(^  to  a  sodium  chloride 
saturated  sodium  chloroaluminate  melt  at  ITS^C  produces  the  tunssten(V)  hexachloride  anion  [WCy'.  The  production  of 
[WCU'  ftom  WC1«  m^  be  attributed  to  the  chemical  reducticm  of  the  latter  by  the  free  chloride  ion  in  this  melt.  [WCU 
can  be  oxidized  to  WCL  via  a  reversible  one-electron  char^transfer  process  with  a  voltammetric  half-wave  potential  of 
2.077  V  referenced  to  aluminum  in  a  pure  sodium  chloriM  saturated  sodium  chloroaluminate  melt,  l^th  fast  scan  rate 
voltammetry,  [WCU'  can  be  reduced  to  [WCU*'  [WCU*'  via  two  consecutive  one-electron  reduction  processes  with 
half-wave  potential  of  1.578  and  0.818  V,  respectividy.  ^th  [WCU*'  [WCU*'  form  precipitates  in  this  melt  at  this 
temperature.  Usina  slow  scan  rate  voltamme^,  the  reduction  processes  are  complicated  iw  coupled  chemical  reactions. 
TVmgstmi(VI)  ormmloride,  WOdi,  is  stable  in  this  melt,  and  can  be  reduced  to  tungsten(V)  oxvchloride  via  a  reversible 
one-electron  reduction  process  with  a  half-wave  potential  of  1.746  V.  Absorption  spectroscopy  shows  that  the  tungsten(V) 
chloride  is  [WOCU*'-  oon  rate  voltammetry  indicates  that  tungstenfV)  oxychloride  exhibits  a  two-electron  rrouction 

process  tojtroduce  a  WdO)  species.  At  slow  scan  rates,  the  reduction  appears  to  be  complicated  bv  coupled  chemical 
reactions.  Definitive  characterization  of  the  reduction  mechanisms  is  prevented  by  film  formation  on  the  electrode  surface 
during  these  reductions. 


liingsten  exhibits  a  wide  variety  of  oxidation  states, 
ranging  from  *8  to  0;  some  of  these  states  involve  cluster 
species  such  as  WfClu.  A  few  years  ago  we  reported  the 
results  of  electrochemical  and  spectroscopic  studies  of 
tungsten  hexachloride  in  AlCl]-NaCl  [63  mole  percent 
(m/o)  Aid}]  melt  at  temperatures  of  150  and  175°C.'  W(VI) 
was  involved  in  an  equilibrium  between  two  electroactive 
species,  the  hexachloride,  WC1«,  and  the  oxide  tetrachlo¬ 
ride,  WOCI4.  Several  reduction  steps  were  observed  for 
WClf  before  the  cathodic  limit  of  the  solvent;  only  the  first 
step  resulting  in  the  formation  of  WCl,  was  investigated  in 
detail.' 

It  is  well  known  that  the  chemistry  and  the  electrochem¬ 
istry  of  some  elements,  including  tungsten,  are  influenced 
significantly  by  the  modified  Lewis  acidity  of  the  chloro¬ 
aluminate  solvent  system.*  It  has  been  realized  in  recent 
years  that  even  the  purest  alkali  chloroaluminates  contain 
millimolar  quantities  of  complexed  oxides  which  may  re¬ 
sult  from  the  interaction  of  some  melts  with  Pyrex  ^ass. 
Therefore,  we  have  developed  methods  for  the  removal  of 
oxide  from  alkali  chloroaluminate  melts  based  on  the 
treatment  of  melts  with  phosgene,  COCl],  and  carbon  tetra¬ 
chloride,  CCU-** 

In  prior  studies  of  W(VI)  electrochemistry  and  spec¬ 
troscopy  in  basic  AlCls-NaCl  (AlCl^/NaCl  mole  ratio  >:  1) 
melts,  oxide  contamination  could  not  be  entirely  avoided.’  * 
Therefore,  we  have  reexamined  the  chemistry  of  W(VI)  and 
of  the  lower  oxidation  states  of  tungsten  in  AlCl,-NaCl 
melts  saturated  with  NaCl  which  have  been  treated  with 
either  COdi  *  or  CCI4.  *  The  results  of  this  work  are  re¬ 
ported  below. 

Of  direct  relevance  to  this  study  is  the  work  of  Scheffler 
and  Hussey*  who  have  shown  that  when  either  WC1«  or 

*  Electrochemical  Society  Active  Member. 

‘Present  address:  National  Cheng  Kung  University,  Taiwan, 
China. 


KWC1«  is  dissolved  in  basic  aluminum  chloride-l-methyl- 
3-ethylimidazolium  chloride  (A1C1,-MEIC),  [WC1«]'  is  ob¬ 
tained,  and  this  species  can  be  r^uced  to  [WCl*]*'  and 
[WCIJ*'  via  two  consecutive  reversible  one-electron  reduc¬ 
tion  processes.  The  metal-bonded  tungstenQII)  dimer, 
[W}C1|]’',  is  also  stable  in  this  melt  and  can  be  oxidized  to 
[W,C1«]*',  which  disproportionates  slowly  to  [WC1«]*'  and  a 
tungsten(ni)  species,  which  in  turn  is  oxidiz^  to  [WC1J*~ 
at  the  same  potential  as  that  for  the  oxidation  of  [W]Clt]*'. 
The  addition  of  oxide  to  this  melt  did  not  cause  any  change 
in  the  observed  electrochemical  behavior  of  the  tungsten 
species  studied. 

Other  work  on  tungsten  species  in  AlCla-NaCl  melts  has 
involved  the  formation  of  the  cluster  species  WiClt'  by  the 
reduction  of  WC3e  with  aliuninum  metal  at  approximately 
450°C  in  acidic  (AlCl,-rich)  melts'  and  the  formation  of  a 
reduced  cluster  (oxidation  state  between  *2  and  0)  by  the 
electroreduction  of  W,C1„  in  acidic  AlClj-NaCl  melts.* 

Relatively  few  studies  of  the  electrochemistry  of  tungsten 
chlorides  in  other  molten  salt  systems  have  been  r^>orted. 
Several  investigations  of  the  electrochemical  behavior  of 
different  tungsten  chlorides  in  molten  LiCl-KCl"'"  have 
been  published.  For  example,  Zuckerbrod'*  reported  that 
W(V)  can  be  reversibly  reduced  to  W(rV),  which  can  be 
reduced  further  to  W(II)  in  the  LiCl-KCl  eutectic,  while 
Sequeira"  claimed  that  W(V)  was  reduced  to  W(III)  in  the 
same  melt.  Katagiri  et  a{ . "  have  obtained  coherent  metallic 
tungsten  deposits  from  the  ZnCli-NaCl  melt  through  the 
reduction  of  WC1«  at  450‘’C. 

Experimnlal 

Dry  box  system. — Because  of  the  air-  and  moisture-sen¬ 
sitive  nature  of  the  tungsten  compotmds  and  of  the  molten 
salts  used,  these  materials  were  handled  under  a  nitrogen 
atmosphere  inside  a  Vacuiun  Atmospheres  dry  box 
equipped  with  a  dry  train/oxygen  removal  column.  The 
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iBOiitui*  levd  inabk  thii  dry  box  was  typically  leas  than 
2ppm. 

Chemieata.  -The  aluminum  chloride  was  cditained  from 
Huka  (anhydrous,  99%)  and  purified  twice  by  sublimation 
at  nie  sodium  chloride  was  obtained  from  Fisher 
Scientific  and  was  dried  under  vacuum  at  450*C  for  4  days. 
The  chloroaluminate  melts  were  prepared  by  mixing  the 
appropriate  amounts  of  aluminum  chloride  and  so^um 
chloride.  Pieces  of  aluminum  metal  (AESAR,  99.999%) 
were  added  to  the  melt  to  remove  the  base  metal  impurities 
in  the  melt.  Finally,  the  melts  were  treated  with  COClj  ’  or 
with  CClt  *  to  remove  oxide  impurities. 

'I>ingsten  hexachloride,  WC1«,  and  tungsten  oxide  tetra¬ 
chloride,  WOCI4,  were  obtained  from  Aldrich  (99+%)  and 
purified  by  sublimation  at  180  and  llO^C,  respectively, 
well  was  obtained  horn  Aldrich  (97%)  and  used  without 
further  purification.  Potassium  hexachlorotungstate(V), 
KWC1«,  potassium  hexachlorotungstate(IV),  KiWCU, 
and  tripotassium  nonachloroditimgstate^),  K3W1CI1, 
were  synthesized  following  the  procedures  described 
previously.* 

Electrochemical  measurements. — The  electrochemical 
cell  contained  four  electrodes.  A  glassy  carbon  disk  (with  a 
geometric  area  of  0.071  cm*)  served  as  the  working  elec¬ 
trode.  The  counterelectrode  was  an  aluminum  spiral  which 
was  immersed  in  a  pure  AlClj-NaCl,u  melt  separated  from 
the  bulk  solution  with  a  fine  porosity  frit.  The  use  of  an 
aluminum  spiral  as  the  counterelectrode  was  critical  for 
exhaustive  controlled  potential  electrolysis  experiments; 
the  use  of  other  metals  such  as  platinum  or  timgsten  led  to 
rmsatisfactoty  results.  A  small  hole  at  the  top  of  the  coun¬ 
terelectrode  above  the  melt  balanced  the  pressure  between 
the  counterelectrode  compartment  and  the  bulk  cell  com¬ 
partment.  The  reference  electrode  consisted  of  an  alu¬ 
minum  wire  immersed  in  an  AlCl3-NaCl„t  melt  and  sealed 
in  a  thin  I*yrex  bxilb.  A  platinum  wire  directly  immersed  in 
the  bulk  melt  was  used  as  a  quasi-reference  electrode.  Dur¬ 
ing  the  electrochemical  experiments,  the  potentials  were 
referenced  to  the  platinum  quasi-reference  electrode,  since 
the  resistance  across  the  Pyrex  membrane  of  the  reference 
electrode  was  very  high.  After  each  experiment,  the  poten¬ 
tial  was  corrected  with  respect  to  the  aliuniniun  reference 
electrode  by  measuring  the  open-circuit  potential  between 
the  aluminum  reference  electrode  and  the  platiniun  quasi¬ 
reference  electrode.  The  entire  electrochemical  cell  was 
heated  in  a  furnace  and  the  temperature  was  controlled  at 
17S'’C  unless  otherwise  specified. 

Electrochemical  experiments  were  performed  with 
Princeton  Applied  Research  (PAR)  Model  273  potentiostat/ 
galvanostat  controlled  with  an  IBM  PC  and  PAR  M270  soft¬ 
ware. 

Raman  spectra. — Raman  spectra  were  acquired  with  a 
scanning  Jobin-Yvon  2000M  1  m  focal  length  double 
moiuxduomator.  Scanning  was  controlled  by  an  Instru¬ 
ments  S.  A.  (ISA)  980015  Controller.  The  excitation  wave¬ 
length  was  the  488.0  or  514.5  nm  line  from  a  Coherent  In¬ 
nova  Model  1100-15  argon  ion  laser.  The  tungsten 
compounds  produced  highly  colored  solutions  which  were 
somewhat  difficult  to  aiudyze  by  conventional  90°  scatter¬ 
ing.  Althou^  the  laser  beam  path  was  90°  to  the  collection 
lens  of  the  monochromator,  scattering  from  the  front  sur¬ 
face  of  the  square  cell,  taking  care  to  direct  the  specular 
reflectance  away  from  the  collection  lens,  produced  the 
best  signals.  The  laser  power  was  typically  set  to  200  mW. 
The  monochromator  sUts  were  set  to  give  a  bandpass  of 
3  cm~'.  Raman  signals  were  detected  by  an  RCA  C31034A 
photomultiplier  tube  mounted  in  a  Products  for  Research 
thermoelectrically  cooled  photomultiplier  tube  (PMT) 
housing.  The  PMT  output  was  connect^  to  a  Pacific  In¬ 
struments  amplifier/discriminator  for  pulse  shaping  for 
photon  counting  by  a  Pacific  Instruments  Model  126  Pho¬ 
tometer.  A  trigger  on  the  ISA  controller  controlled  data 
acquisition  by  a  Keithley  Metrabyte  CDAS-8PGA  plugged 
into  an  IBM  PS/2  Model  55SX  computer.  The  software  was 


written  by  Professor  Bernard  Gilbert  at  the  University  of 
Lt^. 

Spectroseopie  measuremenU. — Absorptiim  spectra  m 
the  UV-visible  region  were  recorded  with  a  Hewlett  Pack¬ 
ard  &452A  diode  array  spectrophotometer.  While  COCI3  or 
CCI4  treatment  helped  to  minimize  the  oxide  level  in  the 
chloroaluminate  melts,  miUimolar  oxide  concoitration  re¬ 
mained  evMi  after  the  treatment.  Therefore,  a  sufficient 
amount  of  the  appropriate  tungsten  compound  was  added 
to  the  melt  to  ensure  that  the  relative  concentration  of  oxo- 
tungstate  species  produced  was  much  lower  than  the  con¬ 
centration  of  the  analyte.  The  resulting  solutions  required 
narrow  spectroscopic  cells.  The  shorter  paths  were 
achieved  by  placing  a  0.9  mm  wide  quartz  insert  into  a 
1  mm  pathlength  quartz  cell. 

.  flsuhs  and  Discussion 

WCl,  and  KWCl,. — The  addition  of  either  WC1«  or  KWCl, 
to  the  AlCls-NaClu,  melt  at  175°C  produced  a  yellow  solu¬ 
tion.  Upon  cooling,  the  frozen  solutions  turned  blackish 
green,  a  color  similar  to  that  of  solid  ICWC1«.  Raman  spectra 
of  these  solutions  are  illustrated  in  Fig.  1.  The  observed 
band  frequencies  of  the  stronger  bands  of  the  tungsten  spe¬ 
cies  are  listed  in  Table  I.  The  Raman  spectrum  for  the  pure 
melt  in  Fig.  Id  exhibits  bands  at  120,  184,  350,  and 
490  cm~'.  Figure  lb  shows  the  Raman  spectrum  of  98.9  mJtf 
KWC1« .  i  AlCls-NaCl.,.  In  addition  to  melt  bands,  only  one 
major  band  at  394  cm~'  is  present.  This  band  can  be  as¬ 
signed  to  the  V,  vibration  of  (WCIJ''.  '*  The  Raman  spec¬ 
trum  of  100.3  WC,  in  AlCl3-NaCl,u  is  shown  in  Fig.  la. 
Two  bands  at  394  and  410  cm~’  are  observed  along  with  the 
solvent  bands.  Tanemoto  et  al.  ‘  previously  reported  a  band 
for  WC1«  in  AlCl3-NaClut  at  410  cm~’  which  was  attributed 
to  the  V,  vibration  of  WC1«.  These  resiilts  were  supported  by 
the  results  of  other  Raman  studies  of  WC1«.‘’  However,  the 
concentration  of  W(VI)  examined  in  this  study  was  lower 
than  the  solution  concentration  studied  by  Tbnemoto  et  al.  ‘ 
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^iceies 

iXtave  numbers 

Ref. 

WC3,  in  AlOi-Naa 
(63-37  mM  338‘C 

410  s  (v,) 

6 

WOtioUd 

410  s  (v,) 

17 

WOtinC^O, 

Wa,mAla,-NaCU 

437  s  (v,) 

394  m,  410  s 

22 

this  work* 

WCa,inAia,-Naa« 

394  m 

this  work* 

with  excess  Nad 

KWa«  in  Aia.-NaCU 

394  m 

this  work‘ 

(wqj- 

woa< 

382  m  (v,) 

16 

411  m  (v,) 

this  work 

‘Figure  la. 

‘Figure  Ic. 

‘Figure  lb. 

Aboieviations:  s,  strong;  m,  medium. 


The  most  likely  species  giving  rise  to  the  band  at  394  cm 
is  IWC1«]'~  by  comparison  with  the  results  for  KWC1<  in 
solution.  These  results  suggest  that  WC1«  must  have  reacted 
with  the  melt  to  produce  [WC1«]'*.  It  is  likely  that  WC1«  was 
reduced  by  the  free  Cl~  ions  in  the  melt.  Consequently,  the 
conversion  of  WCl,  to  [WC1«]'~  depends  upon  the  concen¬ 
tration  of  available  Cl~  ion  in  the  melt.  In  a  typical  AlCl,- 
NaClat  melt,  the  cr  concentration  is  normally  about 
30  mM,  and  thus  not  all  of  the  WCI4  that  was  added  to  the 
melt  in  Fig.  la  can  be  reduced  to  [WC1J'~.  When  an  AlCl]- 
NaClu  mdt  containing  98.1  mM  WC1«  was  treated  with  an 
excess  amount  of  NaCl  to  ensure  that  sufficient  Cl~  was 
available,  and  kept  molten  at  200‘C  for  72  h,  the  Raman 
spectrum  shown  in  Fig.  Ic  was  obtained.  The  decrease  in 
the  intensity  of  the  410  cm'‘  band  along  with  a^.  increase  in 
the  394  cm~‘  band  with  the  addition  of  excess  chloride  sup¬ 
ports  the  argument  that  chloride  ion  reacted  in  solution 
with  WC1«  to  produce  (WC1«I'*.  It  is  apparent  from  this 
figure  that  the  band  at  410  cm~'  was  reduced  significantly 
while  the  band  at  394  cm~^  was  increased. 

UV-visible  absorption  spectra  were  obtained  for  solu¬ 
tions  prepared  by  dissolution  of  either  WC1«  or  KWC1«  in 
AlCli-NaQ^  melt.  These  spectra  are  shown  in  Fig.  2.  Ihe 
wavelengths  and  relative  intensities  observed  in  this  figure 
are  compiled  in  Table  II.  The  spectra  of  the  WC1«  and 
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No.  2.  Absomlien  spedre  of  taiMlinlV)  in  AKIj-NaCIn,  mek  at 
17S<C:  H  1S.7 X  lO^M  KWO*  (vs.  pun  msll);  (•  •  •)  1 1.0  x  10-*M 
WO*. 


Idble  I.  Abaoiplion  SpedraMopic  ^*14"  for  ksiQdMi  Conipioiios. 


Solute 

Solvent 

X,,,,.  am 

Ref. 

WCl, 

vapor 

22S(m),  275(sh),  330(s), 
375(sh),  430(w) 

1 

WCl, 

basic 

Ald,-MEIC 

275(sh),  299(s),  347(m). 
390  (sh) 

7 

KWCl, 

basic 

A1C1,-MEIC 

27S(sh),  298(s).  3S0(m). 
390(sh) 

7 

KWCl, 

CH,CN 

246(m),  275(sh}.  297(s), 
347(m),  390(sh) 

7 

WCl, 

AlCl,-NaCL., 

288(s),  338(m) 

this  work 

KWd, 

AlCl,-NaCU 

288(s).  338(m) 

this  work 

WOd, 

vapor 

220(s),  250(sh).  270(sh). 
355(s),  460(w) 

1 

WOCl. 

toluene 

3S5(s) 

23 

WOCI4 

Aid, -Nad 
(63-37  mol%) 

228(8),  360(s) 

4 

WOCl, 

Ald,-Nad„. 

230(s),  360(s),  460(w) 

this  work 

CsjWOd, 

Hd,.„ 

225(s),  269(s).  305(sh), 
397(w),  704{vw) 

21 

KWCl, 

Ald,-NaCU, 
excess  Na,CO, 

268(s),  306(sh) 

this  work 

Abbreviations:  s,  strong;  sh,  shoulder;  w,  weak;  vw,  very  weak. 


ICWC1«  solutions  are  essentially  identical  to  one  another. 
Fiirthermore,  they  are  similar  to  the  spectra  reported  for 
[WCl*]'-  ion  dissolved  in  the  basic  AlClj-MEIC  room-tem¬ 
perature  melt.'  The  spectra  for  wavelengths  shorter  than 
240  nm  are  not  included  for  these  solutions,  since  the  UV 
cutoff  of  the  melt  occurs  near  this  wavelength.  Neverthe¬ 
less,  these  results  strongly  support  the  Raman  results;  t.e., 
WCi«  dissolved  in  AlClj-NaClnt  exists  as  ionic  [WC1«]‘~  in¬ 
stead  of  molecular  WC1«,  provided  that  there  is  sufficient 
cr  ion  in  the  melt.  The  conversion  of  WC1«  to  [WCIJ''  has 
been  reported  previously  in  the  basic  AlClj-MElC  melt.'  In 
addition,  this  type  of  chemical  reduction  has  been  observed 
for  molybdenum(VI)  compounds  in  the  AlCls-NaCl*, 
melt.'* 

Slow  scan  rate  cyclic  voltanunograms  of  solutions  pre¬ 
pared  by  the  dissolution  of  WCl,  in  AlCl3-NaCi«t  were  ob¬ 
tained  at  a  glassy  carbon  disk  electrode.  These  voltam- 
mograms  are  essentially  the  same  as  those  obtained  for 
solutions  of  KWC1<  under  the  same  conditions.  The  similar¬ 
ity  of  these  voltammograms  again  supports  the  contention 
that  addition  of  WCl,  to  the  AlClj-NaCl^,  melt  produces  the 
(WCIJ'"  ion.  Illustrated  in  Fig.  3  is  a  typical  cyclic  voltam- 
mogram  for  an  AlCl,-NaCl„t  melt  containing  [WCIJ".  The 
rest  potential  of  the  glassy  carbon  working  electrode  im¬ 
mersed  in  this  solution  is  ca.  1.850  V.  When  the  cyclic 
voltarrunogram  is  slowly  scatmed  in  the  positive  direction 
from  the  rest  potential,  one  oxidation  wave.  Wave  la,  with 
a  peak  potential  of  2. 125  V  is  observed.  This  oxidation  wave 
exhibits  a  reverse  reduction  wave.  Wave  Ic.  The  average 
peak  potential  separation,  A£p,  of  this  wave  over  the  range 
of  scan  rates  from  0.02  to  0.5  V/s  is  0.092  V  at  175°C.  This 
value  is  in  excellent  agreement  with  the  theoretical  value  of 
approximately  0.089  V  expected  for  a  reversible,  one-elec¬ 
tron  electrode  reaction  at  this  temperature.  In  addition,  the 
peak  current  ratio,  t^t^,  which  was  calculated  using 
Nicholson’s  empirical  meffiod,'"  varies  from  1.0  to  0.98  over 
this  range  of  scan  rates.  The  peak  current  function,  i^/v 
where  v  is  the  scan  rate,  was  essentially  constant  for  a  se¬ 
ries  of  voltammograms  that  were  recorded  over  this  same 
range  of  scan  rates.  The  half-wave  potential,  E,/2,  which 
was  calculated  using  the  equation  =  (FJ  ■*-  Fp/2,  for 
these  voltammograms,  was  basically  constant  with  an  av¬ 
erage  value  of  2.076  V.  The  limiting  oxidation  current, 
from  the  normal  pulse  voltammetric  data  in  Fig.  4a  was 
used  to  prepare  a  plot  of  log  [(i|  -  t)/i  ]  us .  £ .  A  Ibiear  plot 
was  pn^uced.  The  Exn  determined  from  the  intercept  of 
this  plot  was  2.079  V,  and  the  n  value  calculated  from  the 
slope  of  this  plot  was  1.04.  These  results  suggest  that  oxida¬ 
tion  Wave  la  corresponds  to  the  reversible  one-electron 
charge-transfer  process 
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ooram  oh^  Je  in  AKIs-NoClLa  "mIi  175^  Son  ralo  ms 
40.0V/S. 


i.e. ,  the  average  A£p  is  about  0.089  V,  i^/i^  is  essentially  1.0, 
the  cathodic  peak  current  is  linearly  proportional  to  the 
square  root  of  the  scan  rate,  and  £i/i  is  constant  with  an 
average  value  of  1.576  V  over  the  scan  rate  range  0.02  V/s  to 
0.5  V/s.  In  addition,  plots  of  log  [(ii  -  t)/i]  vs.  E  for  the  first 
reduction  wave  in  Fig.  4a  and  4b  were  linear  giving  an 
average  £,/,  value  of  1.580  V  and  an  n-value  of  0.97.  There¬ 
fore,  reduction  Wave  2c  appears  to  arise  from  the  following 
reaction 

[WCU]'-  +  e-  **  [WCU]'- 


where  the  product  WCl,  is  stable  on  the  voltammetric  time 
scale  but  reacts  slowly  with  the  melt  to  produce  [WCU‘*. 

Figure  3  shows  that  when  cyclic  voltammograms  were 
scanned  in  the  negative  direction  from  the  rest  potential, 
one  reduction  wave  (Wave  2c),  with  a  peak  potential  of 
1.527  V,  and  three  closely  spaced  reduction  waves  at 
1.198  V  (Wave  3c),  0.786  V  (Wave  4c)  and  0.606  V  (Wave  5c) 
followed  by  a  shoulder  (Wave  6c)  on  a  large  wave  ^Ws  7c) 
at  0.185  V  were  observ^. 

The  reduction  Wave  2c  is  associated  with  a  reverse  oxida¬ 
tion  wave  (Wave  2a).  Analysis  of  this  reduction  wave  sug¬ 
gests  that  it  corresponds  to  a  one-electron  reversible 
charge-transfer  process  on  the  voltammetric  time  scale; 


E(V)vt  Al 

Fig.4.NeiiiMfpulMVBfeaaMiagramaf  18.1  x  IO~*8(WCItafa 
ghisyMfhomlstfwJa  in  8ICI»4IbCI,„  wall  at  175*0  (gjpiifawi^ 
was  0.02  s;  M  pni**  widOi  wn  5  s. 


Exhaustive  controlled  potential  reduction  experiments 
were  performed  with  solutions  of  [WC1«]'~  at  an  applied 
poteitial  of  1.400  V  at  a  glassy  carbon  plate  electrode  in  an 
attempt  to  determine  if  [WCij’“  was  completely  stable  in 
the  AlCli-NaCl^t  melt.  Based  on  the  initial  number  of  moles 
of  [WCy*  present  in  the  solution  and  on  the  total  charge 
consumed  during  the  electrolysis,  the  n-value  for  this  re¬ 
duction  was  essentially  one.  This  result  is  in  agreement 
with  cyclic  voltammetric  and  normal  pulse  voltammetric 
data.  At  the  end  of  the  electrolysis,  a  dark  purple  precipi¬ 
tate  was  present  on  the  bottom  of  the  electrochemical  cell 
along  with  a  faint  pink  solution.  When  the  solution  was 
allowed  to  sit  overnight,  the  pink  color  disappeared.  This 
result  indicates  that  the  [WCIJ’  complex  ion  is  either  in¬ 
soluble  or  unstable  in  the  melt.  The  attempted  dissolution 
of  K2WCI,  or  WCI4  in  the  AlClj-NaCl„t  melt  also  produces 
a  dark  purple  precipitate. 

At  slow  scan  rates  the  reduction  Waves  3c  to  7c  in  Fig.  3 
become  complicated.  The  electrochemical  behavior  of  these 
waves  depends  upon  the  switching  potentials  and  scan 
rates.  If  the  direction  of  the  potential  scan  is  switched  right 
after  Wave  3c,  a  small  reverse  oxidation  Wave  3a  and  a 
symmetric  sharp  stripping  oxidation  wave.  Wave  3a',  are 
observed.  This  anodic  stripping  wave  disappears  if  the 
cathodic  potentirl  scan  is  switched  after  Wave  5c.  The  re¬ 
duction  Wave  5c  also  exhibits  a  peak-shaped  character.  It 
was  observed  that  when  the  scan  rate  was  increased,  the 
peak  currents  for  Waves  3c,  5c,  and  3a'  decreased  but  the 
peak  current  for  Wave  4c  increased.  These  results  suggest 
that  at  slow  scan  rates,  the  reduction  product  of  Wave  2c 
undergoes  a  chemical  reaction  to  give  some  compound 
which  is  reduced  at  Wave  3c.  The  product  of  Wave  3c  may 
be  deposited  (or  adsorbed)  on  the  electrode  surface  and  this 
deposit  could  be  reoxidized  at  Wave  3a'  or  further  reduced 
at  Wave  5c.  As  the  scan  rate  is  increased,  the  chemical  reac¬ 
tion  following  Wave  2c  becomes  less  favorable,  thus  -^.dt- 
ing  in  the  decrease  in  the  peak  currents  of  Waves  3c,  3a', 
and  5c.  The  reduction  Wave  4c  may  be  due  to  the  reduction 
of  the  product  of  Wave  2c.  At  scan  rates  higher  than  10  V/s, 
the  voltammograms  are  greatly  simplified;  i.e.,  Waves  3c, 
3a',  and  5c  essentially  disappear,  and  Wave  4c  becomes 
much  tsore  prominent.  Figure  5  shows  the  cyclic  voltam- 
mogram  obtained  at  a  scan  rate  of  40  V/s,  the  practical  scan 
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Umit  of  our  oqiariiiiental  system.  It  can  be  seen  that  Wave 
4e  ia  aaaodated  with  an  an^c  Wave  4a.  The  peak  current 
of  Wave  4c  is  anpurozinutely  equal  to  that  of  Wave  2c  and/ 
or  Whve  la.  Abo,  the  peak  potential  separation  between 
Whvsa  4c  and  4a  is  essentiaUy  equal  to  that  between  Waves 
2c  and  2a.  The  larger  peak  potential  separation  for  the 
cydic  voltammogramc  obtained  at  these  hi(^  scan  rates 
may  arise  from  the  uncompensated  IR  drop.  Although  the 
pe^  potential  separation  increases  with  scan  rate,  Em, 
caknilated  over  the  scan  rate  range  of  10  to  40  V/s  is  essen¬ 
tially  constant  with  an  average  ^ue  of  0.810  V.  Figure  4a 
ahoaa  that  normal  pulse  voltammogram  for  a  solution  con¬ 
taining  (WC1«]~  at  a  short  pulse  width.  In  this  figure  the 
magnitude  of  the  limiting  current  of  Wave  4c  is  essmitially 
the  same  as  that  of  Wave  2c.  Hie  plot  of  log  [(i,  -i)/i]  vs.  E, 
adiich  utilized  the  data  obtained  from  this  figure  for  Wave 
4c,  is  linear.  The  slope  of  this  plot  gives  an  n  value  of  0.99 
and  the  intercept  of  this  plot  gives  an  Em  of  0.826  V.  Taken 
together,  these  results  indicate  that  at  hi^  scan  rates.  Wave 
4c  is  due  to  a  reversible,  one-electron  charge-transfer  pro¬ 
cess.  This  reaction  may  be  eiqireKed  as 

[wey*-  +  e-  fwcaj*- 

Exhaustive  controlled  potential  reduction  experiments 
were  poformed  for  Aldj-NaCy,  melts  containing  [WCI«]~ 
at  a  glassy  carbon  plate  electrode  with  the  potential  con- 
troll^  at  0.75  V.  The  charge  consumed  by  this  reduction 
revealed  an  n-value  of  two  indicating  that  rWCl«]'  was  re¬ 
duced  to  [WC1«]’~.  When  the  reduction  was  completed,  the 
solutiem  turned  clear  and  a  dark  precipitate  was  observed 
on  the  bottom  of  the  cell  indicating  that  tWCl<}*~  was  con¬ 
verted  to  an  insoluble  species.  We  were  unable  to  dissolve 
the  green  K,W,CU  in  the  AlCl,-NaCl,.,  melt  to  obtain  a 
W(IQ  solution. 

last  two  reduction  waves.  Waves  6c  and  7c  in  Fig.  3, 
extensively  overlap  with  each  other.  If  the  potential  scan  is 
reversed  right  after  Wave  6c,  no  significant  reverse  oxida¬ 
tion  wave  associated  with  Wave  6c  can  be  observed.  If  the 
potoitial  scan  is  reversed  after  Wave  7c,  a  reverse  oxidation 
Wave  7a  appears.  The  product  of  the  reduction  Wave  7c 
may  form  an  insoluble  film  on  the  electrode  surface  since 
the  current  was  not  reproducible  and  increased  each  time 
after  this  wave  was  traversed  unless  the  electrode  surface 
was  cleaned  by  8tiq>ping  the  potential  to  2.00  V  for  several 
secemds.  Furthermore,  a  large  oxidation  wave  occurred  at 
ai^roximatdy  the  same  potential  as  Wave  la  and  was  asso¬ 
ciated  with  Wave  7c.  During  a  bulk  controlled  potential 
electrolysis  erqreriment,  conducted  at  0.0  V,  the  current  did 
not  decay  with  time.  Consequently,  the  n-value  could  not 
be  determined  from  these  experiments.  A  major  difficulty 
for  the  study  of  this  wave  comes  from  the  fact  that  this 
wave  occurs  too  dose  to  the  cathodic  limit  of  the  melt. 
Wave  7c  in  Fig.  3  is  similar  to  the  cyclic  voltammogram 
obsoved  for  W«Clij  dissolved  in  an  acidic  AlCls-NaCl 
mdt.'  Thus,  Wave  7c  in  Fig.  3  may  be  due  to  the  reduction 
of  W(1I)  chloride.  However,  we  could  not  obtain  enough 
evicbence  to  prove  this  postulate  because  the  solubility  of 
W(C1,„  like  that  of  K,WC1«,  in  the  AlClj-NaCU,t  melt  was 
very  low. 

*^6  complexity  of  the  electrochemistry  of  the  [WCy 
qrecies  in  this  o^t  can  be  illustrated  using  the  normal 
pulse  voltanunogram  with  loir^er  pulse  width  shown  in 
Fig.  4b.  Condusions  similar  to  those  obtained  from  the 
cydic  voltammetric  data  can  be  drawn  from  normal  pulse 
voltammetry. 

WOClt. — The  dissolution  of  WCKT^  in  the  AlCl,-NaCl«t 
mdt  at  175*C  produces  a  reddish  orange  solution.  A  UV- 
visibleqwctrum  of  this  solutimi  is  shown  in  Fig.  6  with  the 
rdative  intensities  and  wavdengths  of  each  absorption 
peak  collected  in  Tkble  n.  The  abtmrption  bands  are  essen¬ 
tially  identical  to  those  rqxnled  for  WOCI4  in  the  gas  phase 
and  those  in  the  addle  AlCl,-NaCl '  mdt  indicating  that 
WOCI4  is  indeed  stable  in  the  AlCl,-NaCIa,t  melt  at  this 
temperature.  However,  WOCI4  is  fairly  volatile  at  175°C, 
and  reddish  orange  WOCI4  ciydals  can  be  seen  on  the  cell 
walls  above  the  melt. 


6.  Abtemlion  ipadnim  of  18A  X  10  *41  WOCU  m  AIO,- 
,maba>f75°C 


Cyclic  voltanunograms  obtained  at  a  glas^  carbon  elec¬ 
trode  for  a  solution  of  WOCl«  in  the  AlCl,-NaCl«t  mdt  at 
175“C  are  shown  in  Fig.  7.  The  rest  potential  for  this  solu¬ 
tion  at  a  glass}'  carbon  dectrode  was  2.030  V.  When  the 
cydic  voltammogram  was  scanned  anodically  from  the  rest 
potential,  no  oxidation  wave  was  observed  until  the  anodic 
limit  of  the  mdt.  When  the  cyclic  voltanunogram  was 
scanned  in  the  negative  direction,  a  well-defined  reduction 
wave  with  a  pes^  potential  of  1.692  V  followed  by  five 
dosdy  spaced  reduction  waves  at  peak  potentials  of 
0.951  V  (Wave  2c),  0.798  V  (Wave  3c),  0.650  V  (Wave  4c), 
0.331  V  (Wave  5c),  and  0.176  V  (Wave  6c)  were  observed. 

The  r^uction  Wave  Ic  in  Fig.  7  is  assodated  with  the 
reverse  oxidation  Wave  la.  Data  collected  from  the  voltam- 
mograms  for  this  redox  process  recorded  at  scan  rates 
ranging  from  0.01  to  0.5  V/s  exhibit  the  criteria  for  a  re- 


0.050  V/t. 
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versible,  one-electron  charge-transfer  reaction;  i.e.,  con¬ 
stant  peak  potential  separation  with  an  average  value  of 
0.095  V,  a  unit  peak  current  ratio,  and  a  linear  i^tionship 
between  the  cathodic  peak  current  and  the  square  root  of 
the  scan  rate.  The  values  for  E^t  calculated  from  these 
voltammograms  are  essentially  constant  with  an  average 
value  of  1.743  V.  Typical  normal  ptilse  voltammograms  for 
WOO,  solution  are  presented  in  Fig.  8a  and  8b.  The  plots  of 
log  ((it  ~  >)/>]  vs.  E,  constructed  from  the  data  in  these 
figures  for  Wave  Ic,  give  an  n  value  of  1  and  an  E^  value  of 
1 .748  V,  which  is  in  good  agreement  with  the  value  obtained 
from  (T^c  voltammetry  data. 

Although  the  oxidation  state  of  tungsten  in  WOO,  is  the 
same  as  in  WO«,  WOO,  is  not  redu^  by  the  O'  in  the 
A10t-Na0«,  melt.  TTie  stability  of  WOO,  in  this  melt  can 
be  understood  by  comparing  the  half-wave  potentials  of 
these  two  tungsten  complexes.  The  of  WOO,  is  more 
native  than  that  of  WO«,  and  is  sufficiently  far  from  the 
mddation  potential  of  O'  that  O'  does  not  i^uce  WOO,. 

Exhaustive  controlled  potoitial  electrolysis  experiments 
wore  conducted  at  a  potential  of  1.600  V  to  determine  if  the 
reduced  WOO,  was  stable  in  the  melt.  However,  the  WOO, 
vaporizes  from  the  melt  and  contaminates  the  counterelec¬ 
trode  melt  by  entering  the  pressure-balancing  hole  for  the 
counterelectiode.  During  the  electrolysis,  ^e  reduction 
current  rapidly  decayed  toward  zero,  and  the  total  charge 
consumed  experimentally  was  much  less  than  the  theoreti¬ 
cal  value  for  a  one-electron  reduction.  After  the  reduction 
was  conqileted,  the  solution  turned  bluish-green  while  the 
counterdectrode  compartment  turned  radish  orange. 
Consequently,  the  experimentally  determined  charge  for 
the  reduction  of  WOCl,  was  less  than  the  expected  value. 
Cydic  voltarmnograms  were  recorded  for  the  reduced 
WOd,  solutimi,  and  the  same  redox  couples  that  were 
present  in  the  WOCl,  solution  were  still  present  in  this  solu¬ 
tion.  However,  the  one-electron  reduction  product  of 
WOd,  was  now  the  principal  dectroactive  species  present 
in  this  solution. 

The  tungsten(V)  oxychloride  complex  also  can  be  ob¬ 
tained  by  the  reaction  of  oxide  with  [WCIJ'.  When  excess 
oxide  as  NstCO,  was  introduced  into  a  solution  of  {WCIJ~ 
in  Ald|-Nadat  melt  at  17S*C,  the  yellow  solution  slowly 
turned  bluish  green.  An  absorption  qiectrum  in  the  UV-vis- 
ible  region  recorded  for  this  solution  is  depicted  in  Fig.  9. 


The  data  collected  from  this  figure  are  surmnarized  in 
Table  H.  These  data  agreed  well  with  those  reported  for  the 
[WCX3J*'  complex.*' 

The  reduction  Waves  2c,  3c,  4c,  5c,  and  6c  (Fig.  7)  appear 
to  involve  coupled  chemical  reactions.  At  present,  the  reac¬ 
tion  sequence  for  these  reductions  carmot  be  determined; 
however,  the  following  observations  about  these  reduction 
waves  are  provided.  Although  Waves  2c,  3c,  and  4c  are  dis¬ 
tinguishable  at  slow  scan  rates  (<2  V/s),  these  three  waves 
colhipsed  into  a  single  wave  at  high  scan  rates.  Figure  10 
shows  the  cyclic  voltammogram  obtained  at  a  scan  rate  of 
40  V/s.  Waves  2c,  3c,  and  4c  have  merged  into  one  wave, 
which  exhibits  a  peak  potential  of  ca.  0.650  V  and  a  peak 
current  approximately  twice  the  magnitude  of  the  peak 
current  observed  for  Wave  Ic.  However,  there  is  no  reverse 
oxidation  wave  associated  with  this  wave  suggesting  that 
some  coupled  chemical  reaction  is  involved.  The  normal 
pulse  voltammogram,  shown  in  Fig.  8a,  with  shorter  pulse 
width  exhibits  three  major  reduction  waves.  TTie  Uniting 
current  ratios  of  these  waves  are  approximately  1.0  :  2.0  : 
2.0.  These  results  together  with  the  results  from  the  fast 
scan  cyclic  voltammograms  suggest  that  the  second  reduc¬ 
tion  wave  (the  reduction  wave  at  0.650  V  in  Fig.  10)  may  be 
due  to  the  reduction  of  W(V)  oxychloride  to  W(1II)  oxychlo¬ 
ride  species  at  the  short  voltammetric  time  sc^e.  The  third 
reduction  wave  (Fig.  10)  is  probably  a  combination  of  two 
reduction  processes  as  judged  from  its  shape.  A  normal 
pulse  voltammogram  obtained  at  a  longer  pulse  width  is 


E(V)  vs  Al 
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shown  in  Fig.  8b.  It  appears  to  be  more  complicated  possi¬ 
bly  due  to  fUm  formation.  These  results  are  essentially  the 
same  as  those  obtained  from  the  slow  scan  cyclic  voltam- 
mograms  shown  in  Fig.  7. 

When  the  cyclic  voltammograms  of  WOCI4  (Fig.  7  and  10) 
are  compared  to  the  cyclic  voltammograms  of  WCU  (Fig.  3 
and  4),  within  experimental  error,  Waves  5c  and  6c  ob¬ 
served  in  the  cyclic  voltammograms  of  WOCI4  are  essen¬ 
tially  the  same  as  Waves  6c  and  7c  in  the  cyclic  voltam¬ 
mograms  of  [WCIJ'.  This  observation  suggests  that  Waves 
5c  an  6c  in  the  cyclic  voltammograms  of  WOCI4  and  Waves 
6c  and  7c  in  the  cyclic  voltammograms  of  [W<^'  may  be 
due  to  the  same  reduction  processes.  Thus,  it  is  possible 
that  tungsten  oxychlorides  with  oxidation  states  lower 
than  .(.3  are  unstable  in  the  AlCls-NaCl^t  melt  at  the  operat¬ 
ing  temperature  (175‘’C)  and  are  converted  to  tungsten 
chlorides.  With  this  assumption,  the  final  reduction  orod- 
ucts  of  WCU  and  WOCl,  in  this  melt  may  be  the  sam.. 

GMchisioii  and  Summary 

This  study  shows  that  WC1«  is  reduced  by  AlCl,-NaCl„, 
melt  to  [WC1«]~;  the  reduction  is  related  to  the  cr  concen¬ 
tration  in  the  melt.  Using  fast  scan  rate  cyclic  voltammetry, 
[WC1«]~  can  be  reduced  electrochemically  to  [WC1«]*'  and 
[WC1«]^'  through  two  successive  one-electron  charge- 
transfer  processes.  Both  [WCIJ*'  and  (WCIJ*'  form  precip¬ 
itates  in  the  melt  on  a  long  time  scale.  The  solubilities  of 
KtWC3«  and  KsWiCl*  as  well  as  W«C1,]  were  found  to  be  very 
low  in  this  melt.  WOCI4  is  stable  in  the  melt  and  can  be 
reduced  to  tungsten(V)  oxychloride  through  a  reversible 
one-clectron  reaction.  The  addition  of  oxide  to  [WC1«]'  in 
melt  also  produces  tungsten(V)  oxychloride  complmc, 
which  is  identified  as  [WOCIJ*'.  The  formation  of  tung- 
sten(V)  oxychloride  in  AlClj-NaCl„,  melt  is  different  from 
the  re^ts  reported  for  basic  AlClj-MEIC  melts.''  Tungsten 
oxychlorides  with  oxidation  states  lower  than  ■t-3  appar¬ 
ently  are  converted  to  tungsten  chlorides. 

There  was  no  evidence  of  tungsten  metal  formation  in 
this  study.  However,  additional  work  in  our  laboratory 
shows  that  electrodeposition  of  metallic  tungsten  may  be 
achieved  in  a  sodium  tetrachloroaliuninate-sodium  fluo¬ 
ride  (NaAlCVNaF)  melt  at  temperatures  higher  than 
OSO'C.  ”  The  temperature  effect  on  the  electrochemical  be¬ 
havior  of  these  tungsten  complexes  will  be  studied  further. 
Experiments  based  on  the  use  of  spectroelectrochemical 
techniques,  may  be  necessary  to  resolve  the  reduction  se¬ 
quence  of  these  tungsten  complexes  fully. 


Manuscript  submitted  March  17,  1993;  revised  manu¬ 
script  received  June  10,  1993. 
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ABSTRACT 

'Hie  electrochemistw  and  spectroelectrochemistry  of  Nb(V)  in  molten  sodium  chloroaluminate  saturated  with  NaCl  at 
178*C  were  re-examined.  It  was  determined  that  prmous  stuches  involved  solutions  of  high  oxide  content.  The  reduction 
of  NbCl)  in  oxide-free  melts  was  found  to  proved  via  four  steps  at  short  times  and  low  concentrations.  At  l^her  concen¬ 
trations  and  long  times,  the  reduction  sequence  was  complicated  by  a  chemical  reaction  which  follows  the  initial  reduction 
st^.  The  effect  of  temperature  on  the  electrochemistry  of  Nb(V)  in  sodium  chloroaluminates  and  fluorochloroaluminates 
was  examined;  temperature  had  a  marked  effect  on  tiie  behavior  of  Nb(V)  in  these  melts,  but  no  significant  differences  were 
observed  between  melts  with  and  those  without  fluoride.  Attempts  to  produce  electrolytically  niobium  metal  from  Nb(V) 
in  these  melts  met  with  limited  success. 


Prior  to  the  early  1970s,  the  possible  influence  of  dis¬ 
solved  oxide  species  on  solutes  in  molten  salts  was  not  con¬ 
sidered  in  most  investigations.  Beginning  with  the  latter 
part  of  that  decade,  researchers  began  to  realize  that  the 
presence  of  even  fairly  low  levels  of  oxide  species  in  the 
melts  could  have  a  marited  effect  on  solute  chemistry  and 
electrochemistry,**"  especially  when  work  at  low  solute 
concentrations  was  attempted.  Polyakov  and  coworkers'- 
investigated  the  electrochemistry  of  KjNbF;  in  KCl-KF 
[53-45  mole  percent  (m/o)],  and  found  that  in  the  absence  of 
oxide,  Nb(V)  was  reduced  to  niobium  metal  in  two  well-de¬ 
fined,  reversible  steps  (Nb(V)/Nb(IV)  and  Nb(IV)/Nb(0)l. 
The  addition  of  oxide  in  the  form  of  Nb-Oj  produced  more 
complicated  results.  Initial  small  quantities  of  oxide 
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caused  the  two  waves  due  to  the  reduction  of  (NbFj]^‘ 
to  decrease,  and  resulted  in  a  new  wave.  When  the 
K:NbF7:NbiO,  ratio  reached  3:1,  the  original  two  waves 
had  disappear  completely,  and  only  the  new  wave  was 
noted.  An^ysis  of  this  wave  revealed  that  it  corresponded 
to  the  five-electron  reduction  of  Nb(V)  to  the  metal.  These 
researchers  proposed  that  this  wave  was  due  to  the  reduc¬ 
tion  of  the  niobium  oxyfluoride  complex  [NbOFJ**. 

Lantelme  er  of.’  studied  the  effect  of  oxide  added  to  a 
LiCl-KCl  solution  of  Nb(V),  where  they*  initially  observed 
two  waves  [Nb(V)/Nb(IV)  and  Nb(IV)/Nb(III)).  Upon  the 
addition  of  oxide,  both  waves  decreased  in  height,  and  fi¬ 
nally  completely  disappeared  when  the  0*'/Nb(V)  ratio 
had  reach^  approximately  two. 

Sun  and  Hussey*  examined  the  eiecnrochemistry  of  nio¬ 
bium  chloride  and  oxychloride  in  basic  .AlQ,-l-methyl-3- 
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attaylimidazolium  chloride  (AlClj-MEICl)  room  tonpera- 
tuit  melts.  They  found  that  [NbCl«]~ootdd  be  reduced  in 
two  one-^eetzon  reversibre  steps  to  [NbClJ*~  and 
[NbCl«]*~,  with  Su^nS  0.17  and  -0.93  V,  respectively,  et. 
AKDIVAl.  Upon  tto  addition  of  oxide  to  the  melt,  (NbCU' 
was  convert^  to  (NbOCU^*,  SQd  oxychloride  moiety 
eras  reduced  to  [NbOCl,]*'*  in  a  one-electron  quasi-re- 
versible  reaction  with  a  formal  potential  of  -0.921  V.  These 
workers  found  that  the  oxychlorides  could  be  converted  to 
their  respective  chlorides  in  this  melt  by  reaction  with 
phosgene. 

'ring  et  oL  in  our  laboratory^'*  studied  the  electrochemical 
behavior  of  Nb(V),  added  as  NbCl,,  in  the  AlCls-NaCls^T 
melt  The  results  of  that  study  indicated  that  f^V)  was 
first  reduced  in  a  one-electron  step  to  Nb(IV),  followed  by 
three  further  reduction  steps  resulting  in  subvalent  nio¬ 
bium  chloride  cluster  species  which  were  quite  stable,  pre¬ 
venting  reduction  to  ntetallic  niobium.  These  results  were 
evaluated  in  terms  of  the  reduction  of  NbCl|,  and  a  reduc¬ 
tion  sequence  involving  only  niobium  chloride  species  was 
proposed;  the  studies  were  conducted  at  a  time  when  the 
importance  df  oxide  impvuities  in  molten  salts  was  not 
fully  understood.  It  has  recently  been  demonstrated*  that 
our  prior  results*'*  were  erroneous  in  that  the  melts  utilized 
in  the  studies  probably  contained  quite  high  levels  of  oxide 
impurities. 

Our  group  has  found  phosgene  to  be  effective  also  in  the 
removal  of  oxide  impurities  from  the  AlCl,-NaClsAT  melt.* 
Recently,  we  have  reported'*  that  the  removal  of  oxides 
from  this  melt  can  be  accomplished  with  ease  by  treatment 
with  carbon  tetrachloride.  The  development  of  oxide  re¬ 
moval  methods  has  made  feasible  the  reinvestigation  of  the 
electrochemistry  of  Nb(V)  in  oxide-free  melts.  We  report 
here  the  results  of  studies  of  the  electrochemical  and  spec- 
troelectrochemical  behavior  of  Nb(V)  in  oxide-free  sodium 
chloroaluminate  and  chlorofluoro^uminate  melts. 

Experimental 

Due  to  the  hygroscopic  nature  of  the  melts  and  salutes 
used,  all  work  was  conducted  in  an  inert-atmosphere  dry- 
box  (water  level  <2  ppm)  or  in  sealed  Fyrex  or  quartz  cells. 

ChemicaU. — Sodium  chloride  (Mallinkrodt,  analytical 
reagent  grade)  was  dried  under  vacuum  (<50  mibrr)  at 
450*C  in  a  Pyxex  tube  for  >48  h.  Anhydrous  aliiminum  chlo¬ 
ride  (Fluka,  puriss  grade,  >99%)  was  purified  by  distU- 
lation  as  described  in  Ref.  11.  Sodium  fluoride  (Alfa,  pura- 
tronic,  99.995%)  was  used  as  received.  Car^nyl  chlo¬ 
ride  (Matheson  Gas,  99.0%)  and  carbon  tetrachloride 
(Mallinkrodt,  99.9%)  were  us^  as  received.  Niobium  pen- 
tachloxide  (Alfa,  99.9%)  was  purified  by  sublimation  as 
described  previously.*''*  Sodium  carbonate  (Mallinloodt, 
analytical  reagent  grade)  was  dried  under  vacuum  at  300*C 
for  >48  h,  and  thm  was  transferred  to  the  drybox  and 
stored  until  used. 

Melts  were  prepared  as  described  previously,'*  and  were 
treated  either  in  bulk  or  m  situ  (in  the  electrochemical  cell) 
with  phosgene*'*  or  CCI4.  *''* 

Electrode  materials. — Voltammetric  working  electrodes 
were  constructed  from  tungsten  or  platinum  wire.  Coun- 
teielectrodes  were  made  from  glassy  carbon  rod  or  from 
platinum  foU.  Platinum  wire  quasi-reference  electrodes 
were  used,  and  were  monitored  with  respect  to  an  AgQ 
(saturated,  in  AlClr-NaClsATl/Ag  reference  electrode  en¬ 
closed  in  a  thin  glass  bulb.  All  potentials  reported  herein 
are  given  vs.  the  Ag(I)/Ag  reference. 

For  controlled  potential  coulometry,  the  working  elec¬ 
trode  was  a  glassy  carbon  cup;  the  counterelectrode  was  an 
aluminum  coil,  separated  fiom  the  bulk  melt  by  a  medium- 
porosity  frit;  and  the  reference  electrode  was  an  aluminum 
wire  in  AlClrf^aCls^j,  separated  from  the  bulk  melt  by  a 
fine-porosity  frit. 

The  thin  layer  working  electrode  for  the  spectroelectro- 
chemistry  was  constructed  from  platinum  gauze  (Aesar,  32 
mesh  woven  from  0.1  mm  dUm  wire.  99.9%). 


Cathodes  in  the  electrodeposition  experiments  were  con¬ 
structed  using  either  nickri  plates  or  tungsten  foil.  Nio¬ 
bium  metal  anodes,  mther  coiled  wire  or  plates,  were  used. 

Instrumentation. — Electrochemical  measurements  woe 
conducted  using  a  Princeton  ^plied  Research  Model 
(PAR)  potentiostat-galvanostat,  PAR  Model  273,  with 
control  from  an  IBM  PS/2-70A  computer  and  the  PAR 
Model  270  electrochemical  software.  A  Hewlett-Packard 
Model  84S2A  diode  array  spectrophotometm’  was  used  to 
obtain  UV-visible  spectra.  High-temperature  spectra  were 
obtained  with  the  use  of  a  water-cooled  furnace  which 
was  designed  and  constructed  ii&use.  A  Perldn-Elmer 
PHISOOO  ESCA  and  a  Siemens  0-500  x-ray  diffractometer 
were  used  for  analysis  of  electrod^xisition  products. 

Resuhs  Obtained  at  178*C 

In  prior  studies  conducted  in  our  laboratory**  four  waves 
were  observed  during  voltammetric  reduction  of  Nb(V), 
added  as  NbClj  in  AlCls-NaClsAj  ^t  178*C;  these  waves  ex¬ 
hibited  cyclic  voltammetric  (CV)  peak  potentials  of  -0.09, 
-0.24,  -0.46, and  -0.75  V,respectively.Intbepreseitstud- 
ies,  the  voltammetric  response  observed  at  178*C  for  NbCU 
solutions  in  AlClt-NaCls«r  which  had  been  treated  with 
phosgene  or  CCl,  differed  significantly  from  that  reported 
previously,*'*  especially  with  respect  to  the  peak  potential 
of  the  initial  r^uction  wave.  A  typical  C«V  is  ^own  in 
Fig.  la  (solid  line);  the  four  main  waves  have  peak  poten¬ 
tials  of  0.114,  -0.293,  -0.482,  and  -0.809  V.  However, 
when  an  excess  of  oxide  had  been  added  to  the  melt,  in  thr 
form  of  NajCOj,  CVs  nearly  identical  to  those  reported  by 
‘nng*  *  were  obtained  (see  Fig.  lb);  the  peak  potential  of  the 
initial  reduction  wave  in  Fig.  lb  is  -0.081  V.  No  change  in 
the  melt  potential  limits  was  observed;  the  Ag(I)/Ag  refer¬ 
ence  electrode  was  clearly  not  affected  by  the  addition  of 
oxide. 

The  UV-visible  spectrum  for  a  solution  of  15  mM  NbClj 
in  the  AlCls-NaCIsAi  melt,  prepared  using  a  COCIv-treated 
melt,  at  200°C,  gave  two  main  bands  wifo  maxima  at  238 
and  284  nm,  and  a  shoulder  at  320  mn,  indicating  that 
NbClj  was  the  main  species  present  in  the  melt  along  with 
some  [NbClj]'.  It  has  also  been  demonstrated  using 
UV-visible  spectroscopy*  that  the  dominant  initial  species 
in  the  melts  used  by  Ting*'*  was  probably  a  niobium  oxy¬ 
chloride  moiety  formed  by  the  reaction  of  NbClj  with  oxide 
contaminants,  which  likely  existed  in  the  m^t  at  fairly 
high  levels. 

Cyclic  voltammetry  (CV)  at  1 78®C.— Solutions  of  NbClj 
in  Aldj-NaClsAT  178’C  were  investigated  at  concentra¬ 
tions  ranging  from  5  to  30  mAf  using  various  voltammetric 
methods.  In  general,  the  solutions  were  treated  in  situ  with 
Cdj  after  each  addition  of  NbGj  to  ensure  the  elimination 
of  any  inadvertently  introduced  oxide  impurities. 


Fig.  1.  Cycfic  vohaminogram  of  Nb(V)  ohSnined  in  AIQj-Nodsw 
using  a  tungsten  wire  (0.24  on*)  working  iledroJe.  Ike  Nb(V)  con¬ 
centration  was  2.91  X  the  temperature  was  I78*C,  arid  the 

scon  rale  was  0.20  V/s.  (a)  (— )  Ohiained  in  a  meh  treated  with  CClj 
^  oidde)  and  (b)  (~)  obtinn^  in  some  mek,  after  the  odditian  of 
excast  oride  (as  N^Oj). 
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Tkblt  1  lifts  tome  pertinent  data  for  the  initial  CV  reduc¬ 
tion  wave,  which  exhibits  a  maximum  at  0.114  V  in  Fig.  la. 
The  values  of  if/if  vary  little,  and  remain  near  unity  for  all 
scan  rates  in  the  range  studied  (three  decades,  from  O.OS  to 
SO  V/s);  these  values  were  obtained  using  Nicholsons  crite¬ 
rion  as  described  in  Ref.  12  (pp.  229-230).  The  average 
value  for  a,  la  determined  using  CV,  *  was  found  to  be  0.93, 
indicating  that  the  initial  reduction  involves  the  transfer  of 
one  electron.  Further  evidence  for  the  reversibiiity  of  the 
process  was  given  by  application  of  the  Randles-Sevdk 
equation* 

.  0.4463nFA(Oo)"*C* 

with 

a  *  (nFv)/(RT)  [1] 

which  predicts,  for  a  diffusion-controlled  process,  a 
rdatitmship  between  the  peak  current  and  the  square  root 
of  the  scan  rate,  aiui  a  similar  relationship  between  the 
peak  current  and  the  solute  concentration.  Throughout  the 
range  of  NbCl«  concentrations  studied,  plots  of  i,  vs. 
were  found  to  be  linear;  and  a  linear  relationship  between 
if  and  NbCl*  concentration  was  observed  for  all  waves. 

Tible  n  summarizes  some  results  regarding  the  initial 
reduction  process  obtained  using  various  voltammetric 
methods,  all  cases,  a  high  degree  of  reversibility  was 
indicated.  Chronoamperometric  experiments  closely  fol¬ 
lowed  the  Cottrell  eqtution  (M.  12,  p.  143).  Plots  of  E  vs. 
log  [(<4  -  t)/i]  using  normal  pulse  voltammetric  data  were 
lineu;  as  predicted  by  the  theory  for  a  reversible  reaction 
(Rd  12,  pp.  160-192).  Cyclic  voltammetric  results  were 
presented  above,  and  square  wave  voltanunetry  experi-/ 
ments  are  discussed  below. 

The  data  given  in  Table  n  show  that  the  number  of  elec¬ 
trons  Involved  in  the  charge-transfer  for  the  first  reduction 
wave  was  near  unity.  The  values  for  and  D  are  in  rea¬ 
sonable  agreement  amoog  the  indicated  methods. 

In  solutions  of  low  conccntratitHi  (<20  xaM),  mily  four 
reduction  waves  were  observed  in  the  CV  of  NbCU;  the 
shoulder  adtidi  precedes  the  second  wave  (see  Fig.  la)  only 
becomes  significant  at  concentrations  higto  thw  20  mM, 

'Values  for  dw  numbw  of  elsctwos  (a)  were  detominad  using 
the  ematton  (R;  -  i;,d  ■  2^  RfVbF 
*  In  Eq.  1,  a  is  the  mmter  of  doetrans,  F  is  Faradayh  constant,  A 
is  the  dectrode  area,  O  is  the  diffuetan  coefBdant  of  the  spades 
reduoed.  C*  is  the  bulk  ooneentratian  of  the  medas  leduocd,  R  is 
the  fw  oonstaat,  and  r  is  the  tanpanture  in  Kdvins. 

Mis  I.  SesMiary  of  ranks  for  knt  reduefan  process  at  178X. 
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2.  Plat  of  6m  dmensiefllaas  cuRont  iiindian  M  vs.  6w  scon 
rolB  m  6w  Rrst  rodudion  wme  oktainod  by  CV  In  Nbjvi  in  AIQj- 
NoCW  Iba  NMV)  cencantmtinB  eos  ^91  x 
didrodiimoliffgriMwiropiHiMMmliirawas  ITtXpOndtfM 
§CBB  fOlB  fWIQsd  firOM  0.1  to  10  v/s.  Th  •  doMtd  Bm  rapfWMli  Bw 
toaoieticol  current  aspectod  far  6iis  coocantretien,  using  0«  1.8  x 
10**£in*s-'. 


Furthermore,  evoi  at  high  concentrations,  the  shoulder  es¬ 
sentially  disappears  at  liigh  scan  rates.  A  similar  depen¬ 
dence  upon  experimental  rate  (step  time)  was  observed  in 
normal  pulse  voltammetry. 

The  behavior  of  the  shoulder  preceding  the  second  wave 
indicates  that  it  involves  some  reaction  vriiich  is  only  sig¬ 
nificant  at  long  times  and  hi^  concentrations.  In  the  treat¬ 
ment  of  the  voltammetric  data  as  discussed  above,  no  vari¬ 
ation  from  theory  was  observed  that  might  indicate  that  the 
first  reduction  wave  (£p  «  0.114  V)  was  complicated  by  a 
following  chemical  reaction.  However,  such  methods  are 
not  always  sensitive  to  small  deviations  from  ideality.  More 
sensitive  probes  for  such  bdiavior  are  described  in  the  lit¬ 
erature;”  these  methods  consider  the  dependence  of  certain 
parameters  related  to  ip  and  Em  scan  rate.  Figure  2 
shows  a  plot  of  the  dimensionless  current  function  given  in 
Eq.  2  vs.  the  scan  rate.  Hie  shape  of  the  curve 

*p*ip(«FAI>"’C*o='*)-'  [21 

in  Fig.  2  is  indicative  of  a  following  chemical  reaction 
udiich  regenerates  the  initial  redox  species  (Case  VH  in  Ref. 

^,10).  Figure  3  shows  a  plot  of  (SEr/^/{l  log  v)  vs.  the  scan 
rate;  this  curve  also  indicates  that  a  following  chemical 
reaction  regenerates  the  original  redox  species.  Further- 


Pig.  3.  Piet  of  6w  fandian  U^/U  leg  v)  va  6w  son  rato  for  6w 
first  ledudiow  wove  obtained  by  CV  far  NMVl « jUOi  WoClui.  The 
Nb(V)  concsatralien  was  2.91  x  10**M,  ibewoHdag  eisdram  was 
o  hmadsn  wbOr  6m  taaspeiatufe  was  17IX,  and  6m  scon  roM 
rongsd  baas  0.1  to  SO  V/s.  Ihe  doNad  hM  repiasanti  6m  curve 
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WtaMMkfc  |CV|  oMk  Boimiah  for  4w  lost  ime 

wMMsef  4m  NbM  lee^on  at  17l<. 

Ubh  IV.  OoM  (or  four  om 

m  wavM 

mSWVofNbOs. 

Seumte 

IV/*) 

(V) 

(V) 

(V) 

(V) 

(Ifr) 

(V) 

(V) 

(V) 

(V) 

W4i 

Vo/Vi 

0.20 

-0.203 

-0.402 

-0.800 

0.180 

80 

0.172 

-0.268 

-0.442 

-0.791 

0.306 

0.387 

2.0 

-0.324 

-0.304 

(-0.830) 

0.180 

120 

0.170 

-0.266 

-0.438 

-0.804 

0.292 

0.304 

0.719 

20.0 

-0.300 

-0.048 

(-0.870) 

0.133 

240 

0.167 

-0.27S 

-0.464 

-0.803 

0.281 

0.292 

0.893 

40.0 

-0.421 

-0.348 

(-0.010) 

0.147 

480 

0.170 

-0.278 

-0.470 

-0.807 

0.282 

0.298 

0.938 

mon.  the  shapes  of  the  curves  observed  in  Fig.  2  and  3 
esciudc  the  occurroice  of  an  EC  mechanism,  and  do  not 
support  dimerization  of  the  redox  product. 

Ite  variations  of  peak  potentials  with  scan  rate  for  the 
second,  third,  and  fourth  waves  in  the  CV  are  given  in 
ThUe  in.  The  peak  potentials  of  the  second  and  third  waves 
shifted  to  more  negative  values  as  ti,e  scan  rate  was  in¬ 
creased;  the  amount  by  which  they  were  separated  became 
smaller  At  none  of  the  scan  rates  studied  were  the  two 
waves  sufBci^tly  resolved  that  peak  current  determina¬ 
tion  for  the  third  wave  could  be  accomplished.  Complica¬ 
tions  from  the  shoulder  preceding  the  second  wave  pre¬ 
vented  the  extraction  of  meanin^ul  data  for  the  second 
wave  at  low  scan  rates,  and  the  proximity  of  the  third  wave 
j  caused  similar  difficulties  at  higher  scan  rates. 

'V  The  most  negative  wave  (£,  <■  -0.8  V)  in  the  CV  was4|f 
/>  .small  and  broad  at  all  scan  rates  studied.  The  potential  of 
this  wave,  like  those  of  the  second  and  third  waves,  shifted 
to  mue  negative  values  svith  increasing  scan  rates. 

It  was  noted  that  a  dark-colored  film  fonned  on  the  elec¬ 
trode  surface  as  the  potential  was  swept  past  the  third 

Xwave.  This  film  became  more  promineiti  at  potentials  cor¬ 
responding  to  the  fourth  wave.  Anals*^  of  these  films  by 
^  .  x-ray  diffraction  were  fruitless,  yielding  no  definitive  lines 

other  than  a  broad  band  in  the  region  nf.  H-spagii;]g  -i» 

Square  wave  voltammetry  '(SWV).—la  general,  the  peal^ 
current  for  a  SWV  wave  is  given  by  the  fimction  in  Eq.  3:1*'^ 

X 


i,  *  CnFoC*(irD)'««=^«|», 


[3] 


>< 


is  the  peak  current,  w  is  the  frequency  in  Hz.  and  ib,  is  a 
dimensionless  current  function  which  depends  on  the  pulse 
height  and  the  magnitude  of  the  square  wave  excitation 
signal;  other  parameters  are  as  given  before." 

Figure  4  shows  a  SWV  obtained  in  the  29  milf  solution  at 
a  frequency  of  60  Hz  and  a  pulse  height  of  25  mV;  Table  IV 
lists  SOM  pertinent  voltammetric  dau.  As  in  CV.  four  defi¬ 
nite  waves  ate  present,  with  the  second  wave  having  a  pre¬ 
wave  shoulder  Also  as  in  CV,  this  shoulder  disapp^oed  as 
the  speed  (fr^uency)  of  the  experment  was  increased.  The 
parameters  vi/Vt,  and  give  the  ratio  of  the 

peak  current  of  waves  2,  3,  and  4,  respectively,  to  that  of 
wavel. 

It  is  clear  that  the  peak  potential  for  the  first  reduction 
wave  remains  constant  with  increasing  frequency,  as  is  ex- 
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pected  for  a  reversible  process.  All  other  peak  potentials 
tend  toward  more  negative  values,  just  as  in  CV.  but  the 
shift  is  to  a  lesser  extent.  Of  particular  interest  are  the  last 
three  columns  of  Table  IV.  The  values  for  i^i^i  and  irj/i^i 
remain  constant  with  changing  frequoicy,  but  that  for 
4.1  tends  toward  unity  as  the  frequency  is  increased.  Since 
the  peak  current  of  a  SWV  wave  depends  on  D,  a,  and 
frequency,  the  ratio  of  peak  heights  can  be  considered  to  be 
a  rough  approximation  of  the  relative  number  of  electrons 
involved  in  each  process,  assuming  other  factors  remain  the 
same.  Given  that  the  first  wave  involves  only  one  electron, 
these  ratios  provide  an  approximation  of  the  apparent 
number  of  electrons  transferred,  assuming  that  possible 
complications,  such  as  irreversibility  and  higher  order  re¬ 
actions,  are  of  lesser  importance. 

The  SWV  theory  predicts**  that  the  peak  height  should  be 
linearly  d^>endent  upon  i.e.,  a  plot  of  peak  height  vs. 

should  be  linear,  and  should  have  an  intercept  of  zero. 
Figure  3  shows  plots  of  4  vs.  for  the  four  main  waves 
observed  in  SWV.  The  plots  for  waves  1, 2,  and  3  are  indeed 
linear,  and  have  intercepts  near  zero;  this  is  not  the  case  for 
wave  4.  probably  due  to  the  change  in  its  relative  peak 
height  with  frequency,  as  demonstrated  in  Table  IV.  The 
slopes  of  the  plots  for  waves  1,2,  and  3  are  0.35 1, 0.099,  and 
0.102.  respectively,  normalized  to  the  slope  of  the  first 
wave  plot,  these  values  are  1.00.  0.282.  and  0.290.  respec¬ 
tively.  These  are  in  good  agreement  with  the  values  of 
and  4j/4.i  presented  in  Table  IV. 

Controlled  potential  coulometry  (CPC). — A  potential  of 
0.05  V  was  applied  to  a  stirred  melt  containing  NbClj;  after 
the  measured  current  had  decayed  to  less  than  1%  of  the 
initial  value,  the  charge  passed  was  determined  and  an  n 
value  of  0.974  was  calculated,  indicating  that  the  first  wave 
in  the  reduction  of  Nb(V)  involves  one  electron,  in  agree¬ 
ment  mth  voltammetric  results.  It  should  be  noted  that 
some  portions  of  the  aluminum  counter-  and  quasi-refer¬ 
ence  electrodes  above  the  level  of  the  melt  were  consider¬ 
ably  blackened,  probably  by  a  reaction  with  gas-phase 
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0.374 

1.40 

3.19 

2.44 


NbOt:  this  reaction  could  partially  account  for  the  fact 
that  the  calculated  n  value  was  sli^tly  less  than  unity. 

Controlled  potential  coulometiy  experiments  were  car¬ 
ried  out  at  potentials  corresponding  to  those  of  the  subse¬ 
quent  waves  observed  in  voltammetry,  including  that  of  the 
shoulder  to  the  second  wave,  using  a  fresh  NbCl«  solution 
each  time.  Table  V  lists  the  apparent  n  values  determined 
for  each  wave. 

In  eadi  CPC  e3q>eriment,  the  aluminum  electrodes  be¬ 
came  blackened.  Although  these  electrodes  were  separated 
from  the  bulk  melt  using  medium  poronty  frits,  it  was  nec¬ 
essary  to  haw  a  small  hole  (>4  mm  diam)  in  the  counter- 
and  reference  electrode  compartments,  above  the  melt 
level,  for  pressure  equilibration.  It  was  in  the  region  of  this 
hole  that  blackening  of  the  electrode  occurred.  It  is  proba¬ 
ble  that  this  reaction  diminished  the  total  amount  of  NbClj 
available  for  experimental  evaluation  of  the  n  values. 
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UV-vmble  sptctroeUetrochgmittry  (SEC). — (These  ex¬ 
periments  were  carried  out  at  200*C.)  UV-visible  spectra 
were  acquired  in  a  thin-layer  cell  containing  a  solution  of 
NbCl(  in  AlCli-NaClMT  while  stepping  the  potential  of  the 
electrode  to  those  corresponding  to  the  peaks  of  the  CV 
reduction  waves.  The  elechode  potential  was  held  constant 
for  at  least  10  min  to  allow  sufficient  time  to  monitor  the 
thin-layer  solution  and  observe  any  following  chenical  re¬ 
actions.  After  stepping  to  the  potentud  of  wave  4  (£  s 
-0.92  V),  in  Fig.  la,  a  new  band  was  observed  at  410  run 
(Fig.  6);  ^  intensity  of  this  band  increased  with  time.  Fig¬ 
ure  7  shows  the  spectra  acquired  after  the  electrode  poten¬ 
tial  was  returned  to  the  initial  value  (E  s  0.60  V).  An  isos- 
bestic  point,  arising  from  the  shift  in  the  maximum  from 
410  to  431  run,  is  observed.  At  longer  times,  the  maximum 
continued  to  shift  to  444  tun,  followed  by  a  decrease  in  the 
absorbance  at  this  latter  wai^ength;  afto  110  min,  no  sig¬ 
nificant  absorbance  beyond  400  run  was  observed. 

Hussey  and  coworkers'*  reported  a  shift  in  a  band  at  423 
nm  (attributed  to  a  metal-metal  electronic  transition)  to 
lower  energy  when  th^  oxidized  a  fresh  solution  of 
((NbtaulO,]*'.  i-e.,  Nb*^,  in  44.4/55.6  m/o  AlQr-MEia 
at  100*C.  The  final  product  was  believed  to  be 
[(Nb,aB)ClJ*-,  or  Nb*^*. 

nw  bdiavior  of  the  band  attributed  to  the  Nb*^  cluster 
in  the  AlQfMEIQ  melt  at  100*C  **  is  to  that  ob¬ 

served  for  tte  band  at  410  run  in  AlQt-NaClMr  at  200*C.  In 
the  AlCly-llBICl  solvent,  the  band  sfofted  from  423  to  458 
run  during  oaddatirm,  whereas  in  the  AlQi-NaClMr  solvent, 
a  band  shift  from  410  to  444  run  occurs  during  oxidatioiL 

At  the  completion  of  the  e]q;ieriment,  bl^  particles 
were  observed  <»i  the  platinum  screen  working  electrode. 
The  UV-visible  spectrum  of  a  solution  of  these  particles 
in  HQ-satuxated  efiianol  matched  those  repented  for 
the  UbuT-  and  Nb*^  clusters  reported  by  Hussey  and 
coworfcers:*^'^ 


It  it  intoesting  to  note  that  the  band  at  410  nm  was  also 
seen  when  the  electrode  was  stepped  to  a  potential  corre¬ 
sponding  to  any  of  the  first  three  waves  in  the  CV,  although 
the  increase  in  absorbance  was  significantly  less  than  that 
observed  when  stuping  to  the  potential  of  the  fourth  wave. 
The  formatiem  of  ^  Nb*^  cluster  at  more  positive  poten¬ 
tials  is  evidence  for  the  slow  disproportioiution  of  Nb**, 
formed  during  the  first  reduction  wave,  to  Nb**  and  Nb**, 


the  latter  of  which  likely  decomposes  to  form  the  subvalent 
cluster.  The  farmatiim  cl  the  Nb^  cluster  in  solutions  con¬ 


taining  NbHV)  was  confirmed  by  observing  the  increase 
with  time  in  the  UV-visible  bands  at  415, 480,  and  580  nm. 


in  q^ectra  acquired  using  a  30  mil  NbCl,  acdutian  in  AlCl,- 
NaClatf  at  17S*C.  Tbase  bands  dacxeaaad  as  the  teBqtcta- 
tttie  of  the  solution  was  increassd  to  390*C, 
this  species  is  lam  stable  at  higher  temperatures. 

Obcussion  of  Low  iMitpaitriurB  Rasdb 

The  first  wave  in  the  reduction  of  NbCl«  in  AlClj-NaCl«M 
at  178*C  is  essentially  a  revosible  one-electnm  charge- 
transfer  process.  Values  for  n  near  unity  were  detomined 
by  OV,  NPy  and  CPC.  Reversibility  was  indicated  by  CV, 
NPVIT::a,  and  SWV  results. 

Tlie  diffusion  coefficient  for  the  Nb(V)  species  in  AlCl,- 
NaClsAT  at  178*C  was  determined  by  CV,  CA,  and  CC  exper¬ 
iments  to  be  1.8  X  10~*  cmVs  (average).  The  E^  of  the  r^ox 
process  was  found  to  be  0.169  V  (average)  v».  Ag(I)/Ag  via 
CV,  SWV,  and  NPV  experiments. 

Unfortunately,  studies  as  comprehensive  as  those  con¬ 
ducted  on  the  first  wave  could  not  be  extmided  to  the  waves 
occurring  at  more  negative  potentials.  However,  several 
characteristics  were  noted.  In  the  voltammetric  (CV,  NPV, 
and  SWV)  experiments,  the  shoulder  preceding  the  second 
wave  was  most  prominent  at  long  times  (slow  scan  rate, 
long  pulse  widths,  and  low  frequencies);  it  tended  to  disap¬ 
pear  entirely  at  very  short  times  or  in  fast  experiments.  This 
behavior  indicates  that  the  shoulder  was  due  to  the  reduc¬ 
tion  of  some  species  being  generated  by  a  rather  slow  chem¬ 
ical  reaction  following  the  first  reduction.  As  explained 
below,  the  following  ^emical  reaction  is  believed  to  be 
one  which  competes  with,  but  which  results  in  the  same 
product  as  the  second  reduction  step.  The  fact  that  there 
was  no  gross  effect  on  the  characteristics  of  the  first  reduc¬ 
tion  wave  indicates  that  the  chemical  reaction  was  slow,  or 
did  not  proceed  to  a  great  extent.  It  was  possible,  however, 
to  perform  CPC  in  the  rising  portion  of  the  shoulder  and 
determine  a  cumulative  n  value  of  1.46  electrons;  subtract¬ 
ing  the  one  electron  due  to  the  first  reduction  yields  an  n 
value  for  this  reduction  of  0.46  electrons.  Analysis  of  the 


/A  (nm) 

Fig.  6.  Absorbance  vs.  wove  length  at  E  s  -0.92  V.  Spedra  oc* 
queed  at  M  f «  0,  M  1,  (d  ^  (d)  4,  M  8,  n  12,  and  b)  14  min. 
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Fig.  7.  Absoibancs  vs.  'Movelsnglh  after  retuniing  Id  the  inilial 
potential  ^  0.60  V.  Spedra  acquirad  at  (a)  te  0,  |b|  2,  (d  7,  (d)  16, 
to)  25,  n  53,  Igl  59,  and  M  11<^rv'/-.  . 
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■  voltamiBitrie  data  from  the  first  reduction  wav«  usiiig  ad- 
dittwial  Nlcfaolaoo/Shaia  critariar  revealed  that  some 
compUcationa  ware  involved.  These  analyses  indicated  that 
tha  tollovrini  chamical  reaction  involved  partial  regenwa- 
fion  of  tha  initial  redox  spacies  (Nb(V),  in  this  case].  Spec- 
tnaeopie  results  support  the  electrochemical  results; 
UV-viMble  qMctra  of  an  Nbd^  solution  showed  bands  at¬ 
tributed  to  ^  Nb^  cluster,  which  was  likely  tha  decom- 
positian  product  of  Nb**  formed  from  the  dispropor- 
tionatioa  of  Nb**.  Similar  phenomena  were  obsvvcd  by 
Mamantov  and  coworkers  for  the  oxidation  of  U(IV)  in 
LiF-BeFfZrF,  “  and  tha  reduction  of  U(IV)  in  FLiNaK.  ” 
These  workers  proposed  schemes  involving  the  dispropor¬ 
tionation  of  the  redox  product  (U(V)  and  UdlD,  lespec- 
tively]  to  regenerate  U(IV). 

Studies  of  the  second  wave  were  hindered  by  the  a[^ar- 
ance  of  the  shoulder  discussed  above,  as  well  as  the  close 
proximity  of  the  third  wave.  The  peak  potential  tended  to 
shift  to  more  n^ative  values  as  the  rate  of  the  experiment 
(CV,  SWV)  increased.  Also,  CPC  at  the  potential  cone- 
qxmding  to  the  second  wave  provided  a  v^ue  of  a  of  2.19 
electrons  cugrulative  from  the  initial  potential.  When  the 
potential  eras  stepped  past  the  shoulder  and  into  the  second 
erave,  the  process  vdiich  gave  rise  to  the  shoulder  would 
have  little  effect  if  it  were  due  to  the  product  of  a  slow 
chemical  reaction.  Therefore,  it  is  likely  that  the  a  value  for 
tha  second  wave  is  1.19  electrons.  It  should  be  stressed 
again,  however,  that  the  time  scale  of  the  coulometric  ex¬ 
periments  was  as  much  as  three  orders  of  magnitude 
greater  than  that  of  the  voltammetric  experiments.  This 
could  be  an  important  factor  in  the  diflemces  obsoved 
between  the  relative  a  values  obtained  for  the  first  and 
second  waves  in  the  two  t3rpes  of  exp>eriments. 

'nie  third  wave  suffered  from  analysis  problems  similar 
to  those  discussed  above  for  the  second  wave.  In  brief,  it 
was  noted  that  the  peak  potential  for  this  wave  tended 
towards  more  negative  values  as  the  experiment  rate  in¬ 
creased;  this  was  less  obvious  in  the  SWV  studies  than  in 
the  CV  studies.  Coulometry  yielded  a  cumulative  a  value  of 
2.44  electroiu  for  this  wave. 

The  fourth  wave  proved  to  be  the  most  difficult  to  ana¬ 
lyze  using  only  the  dectrochemical  results.  Its  appearance 
in  CV  was  generally  broad  and  small,  making  it  difficult  to 
measure  properly  the  peak  potential,  much  less  any  other 
voltammetric  parameters,  fo  SWV,  the  wave  appeared  to 
have  some  reversible  character,  especially  at  high  frequen¬ 
cies,  when  the  intensity  of  this  wave  tended  to  be  higher 
than  that  of  the  first  wave.  As  mentioned  above,  time  in  an 
experiment  is  an  inqwrtant  factor.  It  is  possible  that  the 
film  ftmned  on  the  electrode  surface  during  the  third  and 
fourth  waves  could  have  caused  some  passivation  over  the 
long  experimoital  tiitMs,  whereas  at  short  times  (l^  fre¬ 
quencies),  passivatioo  was  minimized.  Nevertheless,  spec- 
troelcctrochemical  results  supported  the  generation  of  the 
Nb*^  cluster  following  thi*  r^uction. 

Proposed  reaction  sequence. — At  fast  rates  (short  times), 
only  four  r^uction  waves  were  observed  in  CV,  NPV,  and 
SWV.  Based  mt  the  results  presented  and  discussed  above, 
and  previous  results  from  the  literature  dted  below,  the 
reaction  sequence  for  the  reduction  of  Nbd,  in  Aia,- 
NsCImx  *1 178*C  is  proposed  to  be  as  given  in  £q.  4-7 


Nb**  ♦  e-  •  Nb** 

(El) 

14] 

3Nb**  +  4e'»NbJ* 

(E2) 

15] 

2NbJ*  +  e*  -  Nbi»* 

(E3) 

[6] 

Nbi**  ♦  ne-  -  Nb;**-** 

(E4) 

m 

Since  the  n  value  of  the  first  wave  was  found  definilnrd^ 
to  be  unity,  it  follows  that  step  (El)  in  the  reduction  scheme 
for  NbClt  is  the  reduction  of  Nb**  to  Nb^. 

An  apparent  n  value  of  2.19  was  obuined  by  CPC  for  the 
second  wave.  Reduction  of  Nb**  to  Nb}*  (Eq.  4  >  Eq.  S) 
would  be  expected  to  exhibit  an  n  value  of  2.33  per  niobium 
atom.  However,  as  noted  previously,  tome  reaction  of  NbCl, 


with  the  aluminum  electrvxlcs  present  in  the  cells^in^- 
cated,  which  would  effectively  diminish  the  conceimatian. 
Tlie  spraes  Nb,Cl«  is  known  and  has  beat  charactcrued,** 
and  evidmice  of  its  existence  in  rhinm«iiiwiin»»^  wwitj  baa 
bear  reported. 

The  total  number  of  electrons  passed  per  mole  (d  NbCl,  in 
CPC  at  the  potential  of  the  third  wave  was  detennined  to  be 
2.44.  The  dfrect  reduction  of  Nb**  to  Nbi^  would  require  2.5 
electrons  per  mole  of  NbCl«  in  solutum.  The  sidistance 
Nb|Qu  is  known  and  has  bm  characterized,'*  and  evi¬ 
dence  for  the  [NbtClix]**  moiety  in  chloioaluminates  has 
been  reported.** 

No  direct  electrochemical  evidence  for  the  reductimi  rep¬ 
resented  in  Eq.  7  was  found;  the  apparent  n  value  could  not 
be  detennined  reliably  in  any  case,  but  apparent  a  value 
close  to  unity  can  be  inferred  from  the  SWF  ^ta  (Tkble  IV) 
at  high  frequencies.  As  with  the  third  wave,  the  fourth 
wave  results  in  the  deposition  of  a  film  on  t^  electrode 
surface.  The  identity  of  this  film  could  not  be  determined 
using  x-ray  diffraction,  but  it  is  unlikely  that  it  is  metallic 
Nb.  as  indicated  by  the  lack  of  any  de^tive  lines  in  the 
x-ray  diffraction  pattern.  UV-visible  spectra  of  the  HCl- 
saturated  ethanol  solution  of  this  deposit  showed  bands 
attributable  to  the  Nb*-***  and  Nb****  duotos,  while  the 
SEC  clearly  showed  that  Nb****  could  be  generated  when 
the  potent!^  was  held  at  a  value  corresponding  to  this  re¬ 
duction  wave. 

At  long  times,  or  slow  experiment  rates,  an  additional 
wave  was  observed  as  a  shoulder  to  the  sectmd  wave.  Some 
of  the  voltammetric  results  suggest  that  the  product  of  the 
first  reduction  undergoes  some  chemical  reaction  to  regen¬ 
erate  the  initial  species  (although  the  ex>.  -''t  of  this  reaction 
miut  be  small  on  the  voltanunetric  time-scale,  since  no 
gross  effects  were  seen).  McCuny*'*  s'ggested  that  solu¬ 
tions  of  Nb**  undergo  disproportionation  to  Nb**  and  Nb** 
at  temperatures  above  200”C;  also,  current  spectroscopic 
studies  have  shown  that  this  reaction  occurs  at  tempera¬ 
tures  below  200*C.  Given  sufficient  time,  the  Nb**  gener¬ 
ated  in  the  initial  reduction  probably  disproportionates  to 
produce  an  additional  species,  Nb**. 

The  Nb**  produced  by  Nb**  disproportionation  subse¬ 
quently  undergoes  a  higher  order  reduction  to  a  stable  clus¬ 
ter  species  (NbJ*),  involving  a  net  of  one-third  electrons  per 
atom  of  Nb**.  lire  excess  charge  exliibited  by  the  n  value  of 
0.46  obtained  by  CPC  for  this  step  may  be  attributed  to 
reduction  in  the  second  wave,  since  it  was  impossible  to 
truly  isolate  the  shoulder  firom  this  wave.  Support  for  such 
a  proposal  is  provided  by  prior  studies  by  lintelme  et  al.* 
and  Suzuki  and  coworkers. Studies  involving  the  for¬ 
mation  of  subvalent  niobium  species  in  chloride  media  by 
reduction  of  Nb(V)  *  and  anodiution  of  niobium  metal**'” 
indicated  that  the  species  produced  had  a  valence  of  less 
than  3;  the  studies  by  Suzuki  and  coworkets  indicated  that 
the  pr^ominant  species  was  Nb,Clt.  The  Nb**  produced  by 
disproportionation  of  Nb(IV)  would  be  less  stable  than 
Nbs ,  and  would  be  apt  to  be  reduced  at  a  potential  more 
positive  than  that  of  NbJ*  (Eq.  6).  Further  evidence  for  this 
step  was  provided  by  SEC  e:q)eriments  in  which  the  UV- 
visible  buds  due  to  subvalent  niobium  chloride  species 
were  observed,  and  increased  with  time,  when  the  potential 
of  the  electrode  was  held  at  a  potential  just  negative  of  the 
first  reduction  wave. 

It  follows,  then,  that  the  reaction  which  gives  rise  to  the 
shoulder  competes  for  reactant  with  that  ^licb  gives  rise 
to  the  second  wave,  but  that  the  products  of  the  reactions 
are  idutical;  this  product  is  furfoer  reduced  in  the  third 
wave.  Based  on  these  criteria,  the  steps  given  in  Eq.  8  and 
9  are  proposed  to  occur  betiveen  those  given  in  Eq.  4  and  5, 
at  long  experimental  times 

Nb**  -  Nb**  +  Nb**  (Q  [8] 

3Nb**  +  e-  -  ^Tb^  (E2-)  [9] 

^{ect  of  Increased  Temperofiire  and  Added  Fluoride 

Previous  studies*  *-***  indicated  that  at  low  temperatures 
(<300*C),  niobium  metal  was  not  produced  when  Nb(V)  was 


K 


f 


^ipi.pjWui  JiyJ 


m  .j  jWi  L».  ,4H  B,. 

VM.  141.  NO^  7.  JU^  1104  •IMI 


'VL  tlnp  wiiw  wis 


PO 

Si 

(V) 

(V) 

(V) 

160 
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160 

0.13 
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-0.78 

300 

0.13 

-♦  -0.17  «-• 

-0.42 

-0.75 

840 

0.14 

-O.IO 

(-0.40)* 

-0.75 

260 

0.10 

(-0.20) 

-♦  (-0.45)  ♦- 

328 

0.006 

—4  **0.50  ^ 

(-1.2) 

379 

(-0.30) 

-1.2 

429 

(-0.30) 

-1.13 

460 

(-0.28) 

-1.04 

300 

(-0.25) 

-0.98 

^  potentials  ^v«n  in  V  os.  the  A«(I)/Ag  iderence. 

This  column  rders  to  the  shoulder  preceding  the  second  wave. 
'Arows  indicate  a  merging  of  two  waves  into  one. 

*Pai«ntheMS  indicate  that  the  given  value  is  approximate  due  to 
difficulty  in  determining  peak  potential. 


reduced  in  AlCl,-NaCIs«r  due  to  the  formation  of  stable 
niobium  chloride  clusters.  Results  of  present  studies  sup¬ 
port  that  conclusion.  However,  attempts  to  electrodeposit 
niobium  in  chloroaluminates  at  higher  temperatures  have 
not  been  reported.  This  section  deals  with  the  studies  of  the 
electrochemical  behavior  of  Nb(V)  in  AlCli-NaCl^T  and 
AlCl|-NaClMr~NaF  melts,  and  attrapts  to  electrodeposit 
niobium  in  these  melts  at  elevated  temperatures. 

Temperature  effects. — Studies  on  the  electrochemistry  of 
Nb(V)  in  AlQi-NaClstf  were  conducted  in  the  temperature 
range  of  160  to  S00*C.  Table  VI  lists  the  peak  potentials  of 
the  waves  observed  in  the  CV  as  the  temperature  was  in¬ 
creased.  Some  general  trends  can  be  distinguished.  As  the 
temperature  was  increased  from  160  to  240*C,  all  observed 
waves  shifted  in  the  positive  direction;  at  240*C  and  above, 
the  first  wave  began  to  broaden  and  shift  negatively.  While 
the  observed  shifts  may  be  in  part  related  to  a  change  in  the 
junction  potential  of  ^e  gla^  bulb  of  the  reference  elec¬ 
trode.  the  lack  of  significant  variation  in  the  cathodic  limit 
demoiutrates  that  the  shifts  were,  to  some  extent,  real.  At 
325‘'C  and  above,  no  distinction  between  the  second,  third, 
and  fourth  waves  could  be  seen:  rather,  only  a  large,  broad 
wave  was  observed.  The  first  wave  ceased  to  be  peak¬ 
shaped  at  temperatures  above  329*C,  as  it  became  simply  a 
broad,  low  plateau  preceding  the  larger  wave  into  which 
the  second,  third,  and  fourth  waves  had  merged. 

At  temperatures  2325’C,  a  new  wave  was  observed  near 
the  cathodic  limit  of  the  melt.  At  temperatures  below 
400*C,  this  wave  was  generally  difficult  to  resolve  from  the 
melt  limit,  but  it  became  maihedly  observable  above  400*0. 
This  new  wave  was  much  larger  than  any  observed  in  the 
nuae  posdtive  region  of  the  CV,  and  it  traded  to  shift  to 
more  positive  values  with  increasing  temperature. 

Figure  8  shows  a  CV  obtained  at  a  temperature  of  300'C. 
The  primary  features  are  a  broad  wave  at  approximately 
-0.29  V,  and  a  large,  sharper  wave  nearer  the  cathodic  melt 
limit  (-0.98  V).  Also  seen,  begitming  near  -t-O.l  V.  is  the 
broad  plateau  which  incorporates  the  initial  wave  in 
fig.  la.  Associated  with  the  reduction  wave  at  -0.29  V  is 
an  anodic  wave  observed  at  approximately  0.27  V.  The  two 
anodic  waves  observed  at  -0.92  and  -0.06  V  are  associated 
with  the  more  cathodic  reduction  wave. 

When  the  electrode  was  observed  during  the  process  of  a 
slow  linear  scan  at  900*C.  a  black  film  was  seen  to  form  on 
its  surface  as  the  potential  was  swept  past  -0.29  V.  where 
the  first  peak  appears  in  Fig.  8. 

The  decrease  in  the  UV-visible  bands  due  to  the  Nb*’’* 
cluster  as  the  temperature  was  increased  from  175  to  390®C 
supports  the  lower  stability  of  this  cluster  at  elevated 
temperatures. 


NaClatf  m^t,  a  film  was  formed  on  the  daetiode  surface  at 
the  first  rediMtian  wave,  and  no  dmtges  in  the  appearance 

of  the  electrode  surface  were  obeetvad  upon  readiing  the 
secoiui  arave.  The  film  disappeared  during  the  anodic  scan 
after  reaching  the  most  positive  anodic  wave. 

Electrolysis  o/AffifV}.— Attraipts  were  made  to  produce 
niobium  metal  by  constant  current  electrolysis  of  a  Nb(V) 
solution  in  AlCli-NaCls«r  and  AiCi,-NaCl]ur-NaF  melts. 
Several  parameters  were  varied,  induding  the  tempera- 
ttire,  the  Nh(V)  concentration,  the  fluoride  content  of  the 
melt,  the  current  density,  and  the  cathode  substrate  mate¬ 
rial.  The  range  of  parameters  was  by  no  mwina  exhausted, 
and  much  work  remains  in  this  area  before  definitive  re¬ 
sults  can  be  reported.  We  report  here  some  preliminary  ob¬ 
servations  made  in  the  process  of  attempting  to  r^uce 
Nb(V)  to  the  metal.  In  all  but  a  few  cases,  no  metal  was 
obtained,  at  least  none  that  could  be  observed  using  elec¬ 
tron  spectroscopy  for  chemical  analysis  and  x-ray  cfiffrac- 
tion  analysis.  In  all  cases,  at  the  rad  of  an  e;q>eriment  the 
cathode  was  found  to  be  covered  with  a  thidc  coating  of 
undissolved,  dark-green  colored  material;  UV-visible  spec¬ 
tra  of  an  aqueous  solution  of  this  material  had  the  appear¬ 
ance  of  a  combination  of  the  spectra  r^rted  for  niobium 
chloride  duster  species  of  the  form  [NbfCl.J'**,  with  m  s 
2.  3. 

Current  densities  ranging  from  9  to  290  mA/cm'  were 
studied,  and  in  some  cases,  the  current  was  pulsed  between 
cathodic  and  anodic  values,  in  an  attempt  to  minimize  the 
accumulation  of  nonmetallic  deposit  on  the  electrode 
surface.  These  experiments  seemed  to  indicate  that,  when 
niobium  metal  was  produced  at  all,  it  was  only  at  low 
current  densities  (<90  mA/cm');  in  such  cases,  the  coating 
of  undissolved  material  on  the  cathode  was  thinner  and 
more  evenly  distributed.  The  pulsed  method  had  no  observ¬ 
able  effect. 

The  fluoride  content  of  the  mdt  was  varied  from  R  =  0  to 
R  *  1.0. '  The  variation  of  R  appeared  to  have  no  signifi¬ 
cant  effect  on  deposition.  In  fact,  the  best  deposit  was  ob¬ 
tained  from  a  melt  containing  no  fluoride. 

The  temperature  at  which  deposition  was  attempted  was 
varied  from  925  to  625°C.  It  was  apparent  that  tempera¬ 
tures  higher  than  329*0  were  need^  to  allow  the  deposi¬ 
tion  of  niobium  metal.  No  distinct  advantage  to  using  tem¬ 
peratures  higher  than  330°C  was  seen,  although  it  is  likely 
that  extending  the  studies  to  temperatures  higher  than 
700°C  will  produce  better  results,  due  to  the  lower  stabiliU' 
and  possibly  higher  solubility  of  clusteqj  species  at  such 
temperatures. 


'The  value  of  R  is  oven  by  the  molar  ratio  of  fluoride  to  alu¬ 
minum.  e.g.,  a  10  m/o  NaF  melt  would  have  R  s  F/Al  s  1 0/90  x  0. 1 1 . 


Effect  of  adding  fluoride.— yo  significant  differences  E(v>nM(i>/Ae 

were  observed  between  CVs  obtained  from  AlClj-NaCLur 
and  Alc£,-NaCl(AT*^s7  solutions  of  Nb(V),  even  with  a 
NaF  composition  as  high  as  10  m/o.  Two  main  reduction 
waves  were  seen  at  -0.27  and  -0.97  V.  As  in  the  AlCl,- 


8*  Cycfic  yoftomniOQFQin  obioiiwd  for  o  3.2  X  lO-’M  Nb(V) 
lohihon  in  AKIj-NoOMr  at  300°C  The  woridng  aledrode  was  a 
tungsten  wire,  ^  the  scan  rale  was  O.I  V/s. 
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lluigatn  foil  and  nickel  plates  were  used  as  cathode  ma- 
t«rials.  The  snwothest  deposit  was  obtained  using  a  tung¬ 
sten  foil  cathode,  but  cxpuiments  that  produced  niobium 
wwe  suiBciently  tew  that  no  definite  conclusion  concern¬ 
ing  the  cathode  material  can  be  put  forth. 

The  thickness  of  the  deposits  was  estimated  to  be  less 
than  10  lun,  due  to  the  fact  that  x-ray  difiraction  patterns 
for  niobium  deposits  invariably  showed  strong  lines  due  to 
the  substrate  nuterial;  niobium  lines  generally  had  intensi- 
tia  of  about  1  to  2%  of  that  of  the  strongest  substrate  line. 

Conduaions 

Results  are  presented  which  denonstrate  that  previous 
reports  from  our  laboratory*'*  on  the  electrochemistry  of 
Nb(V)  in  AlClj-NaClsxr  melt  were  in  error.  We  previously 
prc^xxsed  a  reaction  sequence  for  the  reduction  of  Nb(V) 
bas^  on  the  assumption  that  the  reacting  species  was 
NbCl«.  It  is  shown  hen  that  the  previous  studies  were  con¬ 
ducted  in  melts  which  contained  quite  high  concentrations 
of  oxide  impurities,  and  that  the  species  imder  study  was  in 
fact  niobiumfV)  oxychloride. 

The  electrc^emical  and  spectroelectrochemical  behav¬ 
ior  of  NbC3«  in  AlClj-NaC]^  was  reinvestigated  using 
melts  which  were  treated  with  phosgene  or  CCl,  to  remove 
oxide  inqturities.  It  was  determined  that  the  reduction  of 
Nb(V)  at  178*C  involved  four  steps  in  the  simplest  case, 
which  was  when  the  experiment  rate  was  fast  or  experi¬ 
ment  times  were  short.  At  long  experimental  times  (slow 
rates),  a  complication  was  observed  in  the  form  of  an  addi¬ 
tional  wave  between  the  first  and  second  reduction  waves. 
It  was  postulated,  based  on  the  analysis  of  experimental 
data,  t^t  this  wave  was  due  to  the  reduction  of  Nb(in), 
produced  by  the  disproportionation  of  Nb(IV)  formed  in 
the  first  step. 

An  examination  of  the  effect  of  temperature  on  the  elec¬ 
trochemical  behavior  of  Nb(V)  in  AlCl,-NaCls*r  and  AlClj- 
NaClsM-NaF  melts  was  undertaken.  No  significant  differ¬ 
ence  in  the  Nb(V)  electrochemistry  in  these  two  melts  was 
observed,  but  variations  in  temperature  produced  dramatic 
changes  in  the  voltammetric  response.  In  general,  as  the 
temperature  was  increased  from  <200  to  500*C.  the  first 
wave  broadened  and  became  almost  indistinguishable,  ex¬ 
cept  as  a  broad,  flat  plateau.  The  final  thrse  (four)  waves  in 
the  low-temperature  voltammogram  merged  into  a  single 
large  wave.  Also,  as  the  temfwrature  was  increased,  a  new 
wave  was  observed  near  the  melt  cathodic  limit:  the  peak 
I>otential  of  this  new  wave  shifted  to  more  positive  v^ues 
as  the  temperature  was  increased. 

Some  constant  current  electrolysis  experiments  were 
conducted  in  sodium  chloroaluminate  and  fluorochloro- 
aluminate  melts  at  temperatures  >400*C  in  attempts  to 
electrochemically  produce  Nb  metal  from  Nb(Vl  solutions. 
It  was  possible  to  produce  smooth  coatings  of  Nb  metal  on 
both  nickel  and  tungsten  substrates.  Although  these  de¬ 


posits  were  rather  thin,  this  represoits  the  first  successful 
production  of  metallic  niobium  from  sodium  chloroalumi¬ 
nate  melts. 
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Tkc  Rarnaa,  UV-visiMc,  chctroa  spia  rcMoancc  spectiascopic,  aad 
spectroelectrocbeoiical  (SEC)  behavior  of  tetrachloro-^^eBzoqaiBoae 
(chloraail)  in  nMtiten  alnminnin  chlorMe/aodinm  chloride  mixtnrcs  has 
been  examined.  The  resnlts  snpport  previons  findings  snoesdi^  that 
the  chloranil  is  complexed  hy  AlCljor  Ai,CI,  in  acidic  mclta  |  >  SO  mole 
percent  (m/o)  AIQ,|,  while  in  basic  melts  (<S0  m/o  AlCy  the  chloranil 
remains  nncompiexed.  The  resnlts  farther  snpport  the  previonsly  pro¬ 
pose*'  stepwise  one-eiectron  rednetions  in  the  acidic  melt  to  produce  the 
radical  anion  and  the  diankm.  The  present  work,  however,  reveais  that 
chloranil  is  also  reduced  through  two  closely  spaced  one-electron  reduc¬ 
tions  in  the  bask  melt 

Index  Headings:  Molten  salts;  Sodium  alkali  chloroainminates;  Chlor¬ 
aail;  UV-vIsible;  Raman;  Electron  spin  resonance;  Spectroelectrochem- 
istry;  FT-IR;  Infrared  spectroscopy. 


INTRODUCTION 

The  electrochemistry  of  tetrachloro-p-benzoquinone 
(chloranil  or  Q)  was  first  studied  by  Mamantov  and  co¬ 
workers'  for  its  use  as  a  cathode  material  for  high-energy 
molten  salt  batteries.  Bartak  and  Osteryoung^  employed 
voltammetric  methods  to  study  the  behavior  of  chloranil 
in  AlCl,-NaQ  melts  and  concluded  that  the  reduction 
proceeds  via  the  following  mechanism: 


(2  +  e-  -  <2-  (1) 

Q-  +A^  QA-  (2) 

QA-  +  e-  ^  QA^-  (3) 

QA^-  +  /I  —  QA2^-  (4) 


where  /I  is  a  Lewis  acid  species,  i.e.,  either  AICI3  or  AljCL' . 
The  complexed  radical  anion  QA-  is  reduced  at  potentials 
similar  to  that  of  Q  (Eq.  1);  thus  only  one  cathodic  wave 
corresponding  to  an  overall  two-electron  reduction  is  ob¬ 
served.  Only  when  the  complexation  is  “outrun”  at  very 
fast  scan  rates  are  two  waves,  corresponding  to  the  step¬ 
wise  reduction  of  Q  to  Q^-,  observed. 

Cheek  and  Oste^oung*  used  electrochemical  and  in¬ 
frared  spectroscopic  methods  to  study  chloranil  in  the 
AlOj-butyl  p^dinium  chloride  (BPQ  solvent  system. 
Only  slight  differences  in  the  electrochemical  behavior 
were  observed  in  comparison  with  the  AlClj-NaCl  melts. 
These  differences  were  attributed  to  the  greater  Lewis 
acidity  of  the  alkali  chloroaluminate  system.  Infrared 
spectroscopy  using  the  acidic  melt  showed  that  only  one 
of  the  two  carbonyl  oxygens  was  complexed  by  AlClj. 
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Infrared  and  Raman  spectroscopic  and  speciroelectro- 
chemical  results  for  chloranil  in  sodium  chloroaluminate 
melts^  *  show  that  m  acidic  melts  (AlClj/NaCl  mole  ratio 
>  1)  chloranil  is  complexed  with  AlCl,  (or  AljCl,  )  at  one 
of  the  carbonyl  oxygens  and  at  the  carbon-carbon  double 
bonds.  The  infrared  spectroelectrochemical  results  sug¬ 
gest  stepwise  one-electron  reductions  to  produce  the  com¬ 
plexed  radical  anion  and  the  complexed  dianion.  No  ev¬ 
idence  for  complexation  of  neutral  chloranil  was  found 
in  the  basic  melt  (AlCls/NaCl  mole  ratio  <  1),  where  spec¬ 
troelectrochemical  results  showed  an  overall  two-electron 
reduction. 

In  this  paper,  Raman,  electron  spin  resonance  (ESR), 
and  UV-visible  spectroscopic  and  spectroelectrochemi¬ 
cal  (SEC)  results  for  chloranil  in  molten  sodium  chlo¬ 
roaluminates  are  presented.  These  techniques  were  suc¬ 
cessful  in  identifying  the  radical  anion  intermediate  which 
had  not  been  observed  in  the  basic  melt  previously.  The 
UV-visible  spectrum  for  this  species  and  the  Nemst  plot 
support  the  transfer  of  one  electron  to  generate  the  anion 
intermediate.  Raman  and  ESR  spectroelectrochemical  re¬ 
sults  support  the  stepwise  reduction  scheme  in  basic  chlo¬ 
roaluminate  melts. 

EXPERIMENTAL 

Materials.  Sodium  chloride  (Mallinckrodt,  reagent 
grade)  was  dried  under  vacuum  at  45CK?  for  several  days. 
Aluminum  chloride  (Fluka,  puriss  grade,  >99%)  was  pu¬ 
rified  by  distillation  in  a  three-bulb  Pyrex®  tube  con¬ 
taining  a  small  amount  of  aluminum  metal  (Aesar, 
99.9999%)  and  NaCl  as  described  previously."  Chloranil 
(Fluka  >  99%)  was  purified  by  sublimation  at  1 50“C.  Melts 
were  prepared  by  adding  the  desired  amounts  of  AICI3 
and  NaCl  to  a  Pyrex®  tube  inside  a  nitrogen-filled  glove 
box,  evacuating,  sealing  the  tube,  and  then  fusing  the 
mixture  in  a  rocking  furnace  at  180K^  overnight. 

Spectroelectrochemical  Cells.  The  SEC  cell  used  for 
both  the  Raman  and  the  UV-visible  studies  has  been 
described  previously.’  The  thin-layer  working  electrode, 
contained  in  the  quartz  cuvette,  was  either  a  platinum 
screen  or  a  reticulated  vitreous  carbon  (RVC)  electrode. 
The  reference  electrode  was  an  aluminum  spiral  im¬ 
mersed  in  an  AlCl3-NaCl„,  melt  and  separated  from  the 
bulk  solution  by  a  fine  Pyrex®  frit.  The  counter  electrode 
was  platinum  foil  (~1.0  cm’)  separated  from  the  bulk 
solution  by  a  coarse  Pyrex®  frit.  The  ESR  spectroelec¬ 
trochemical  cell,  constructed  in-house,  is  similar  to  the 
cell  used  for  the  UV-visible  and  Raman  spectroelectro- 
chemistry  except  that  the  quartz  cell  was  flattened.  This 
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Fkj.  1.  Cyclic  voltammogram  for  20.7  niM  chloranil  in  AlClj-NaCl., 
at  1 7S*C  obtained  in  the  thin-layer  cell.  Experimental  parameters;  RVC 
working  electrode,  Pt  flag  auxiliary  electrc^e,  Al  reference,  SU  mV/s. 


flattened  quartz  end  was  placed  perpendicular  to  the  elec¬ 
tric  field.  The  quartz  part  was  in  turn  joined  to  the  bulk 
of  the  Pyrex*  cell  via  a  quartz-to-Pyrex*  graded  seal. 
The  cell  employed  a  platinum  flag  thin-layer  working 
electrode  and  a  tunpten  wire  counter  electrode.  The  plat¬ 
inum  was  in  turn  welded  to  a  tungsten  wire  which  served 
as  the  electrical  contact  at  the  top  of  the  cell.  The  elec¬ 
trodes  were  sheathed  with  Pyrex®  to  avoid  exposure  of 
the  metals  to  the  solution.  The  solution  was  added  to  the 
cell  through  a  sidearm  which  was  then  sealed  after  evac¬ 
uating  the  cell. 

Instmmentation.  Electrochemical  measurements  were 
carried  out  with  the  use  of  a  Princeton  Applied  Research 
(PAR)  Model  174A  polarographic  analyzer  in  conjunc¬ 
tion  with  a  PAR  Model  175  universal  programmer  and 
a  Houston  Omnigraphic  X-Y  recorder.  Raman  measure¬ 
ments  were  made  with  the  use  of  the  363.8-nm  line  (power 
typically  between  50  and  125  mW)  from  a  Coherent  In¬ 
nova  100-15  argon-ion  laser,  a  Spex  1877  triple  mono¬ 
chromator,  and  a  Tracor  Northern  (TN)-6133  intensified 
512-element  photodiode  array.  UV-visible  spectra  were 
acquired  with  a  TN-6500  photodiode  array  rapid  scan¬ 
ning  spectrophotometer  employing  deuterium  and  tung¬ 
sten  ludogen  lamps.  The  experimental  arrangement  for 
the  ESR  spectroscopy  has  b^n  described.* 

RESULTS  AND  DISCUSSION 

UV- Visible  Spectroelectrochemistry  in  Basic  Melts.  A 
cyclic  voltammogram  for  20.7  mM  chloranil  in  the  AlClj- 
NaClni  melt  is  shown  in  Fig.  1.  A  reduction  wave  at  1.65 
V  and  an  oxidation  wave  at  1.73  V  at  a  scan  rate  of  50 
mV/s  are  observed.  The  UV-visible  spectrum  of  a  so¬ 
lution  containing  1.2  mM  chloranil  in  the  AlCl3-NaCl„, 
melt  shows  a  broad  band  with  a  maximum  at  305  nm; 
no  other  features  are  present  out  to  750  nm.  Electrolysis 
at  a  potential  of  0.8  V  for  30  min  generates  the  chloranil 
dianion  which  gives  a  spectrum  showing  a  broad  band 
with  a  maximum  at  302  nm;  no  other  features  are  present 
out  to  750  nm. 

Spectra  acquired  during  this  potentiostatic  electrolysis 
revealed  a  weak  transient  band  at  515  nm.  This  band 


In  Cp/Cr 

Fig.  2.  Nemst  plot  for  the  generation  of  chloranil  anion  in  AICI,- 
Naa„rt  175*C. 


reached  a  maximum  absorbance  and  then  decreased  back 
to  “zero”  when  the  electrode  potential  was  stepped  neg¬ 
ative  with  respect  to  the  QIQ^~  reduction  potential.  This 
band  is  not  present  at  potentials  coiresponding  to  that  of 
either  the  chloranil  parent  or  the  dianion.  The  plot  of 
absorbance  with  time  for  the  parent  band  at  305  nm 
shows  the  expected  decrease  in  the  band  due  to  the  parent 
as  it  is  redu(^  to  the  dianion. 

According  to  the  Nemst  equation,  the  ratio  for  the 
equilibrium  concentrations  of  the  oxidized  to  reduced 
forms  at  the  electrode  is  determined  by  the  applied  po¬ 
tential 

£•  =  £0-  +  i?T/«F  ln(CyQ  (5) 

where  E  is  the  applied  potential,  E^'  is  the  formal  poten¬ 
tial,  R  is  the  molar  gas  constant,  T  is  the  temperature,  n 
is  the  number  of  electrons  transferred,  and  F  is  the  Far¬ 
aday  constant  In  thin-layer  spectroelectrochemistry,  CJQ 
can  be  defined  as’ 

eye  =  AAA„  -  AJ  =  (/!„  -  A,)/Ar  (6) 

where  A^  (x  =  r  or  o)  is  the  absorbance  of  species  x  at 
any  given  potential,  and  A^/  is  the  absorbance  of  species 
x  at  a  potentir’  where  it  is  the  only  form  of  the  redox 
couple  present  A  plot  of  E  versus  In  Cg/Q  yields  a  straight 
line  in  which  the  E'  is  obtained  from  the  y-intercept, 
and  the  number  of  electrons  is  obtained  from  the  slope 
of  the  plot. 

Figure  2  shows  such  a  Nemst  plot  constmeted  with  the 
use  of  the  chloranil  intermediate  and  parent  bands.  An 
n  value  of  1.2  electrons  was  calculated  from  the  slope  of 
this  plot.  This  result  is  consistent  with  the  one-electron 
reduction  of  the  chloranil  parent  to  produce  the  radical 
anion  intermediate. 

UV- Visible  Spectroelectrochemistry  in  Acidic  Melts. 
The  spectrum  obtained  for  a  1.1  mM  chloranil  solution 
in  the  AlQj-NaCl  (63/37  mol  %)  melt  at  its  rest  potential 
shows  two  bands  at  515  and  330  nm.  The  band  with  its 
maximum  absorbance  at  5 1 5  nm  is  due  to  the  chloranil 
radical  anion.  This  is  the  same  wavelength  at  which  the 
radical  anion  absorbs  in  the  basic  melt  The  band  at  330 
nm  is  attributed  to  the  complexed  chloranil  parent,  since 
both  Raman  and  infrared  data*-’  previously  show^  this 
species  to  be  present  along  with  the  radical  anion  at  the 
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solution  rest  potential.  The  pttsence  of  the  radical  anion 
in  the  acidic  melt  in  the  absence  of  any  app>lied  potential 
supports  the  spontaneous  formation  of  this  species  via 
reduction  of  chloranil  by  the  solvent.  The  spectrum  ob¬ 
tained  at  electrode  potentials  negative  of  the  Q/Q^^  re¬ 
duction  potential  ma  .hes  that  observed  for  the  same 
conditions  in  the  basic  melt.  At  intermediate  potentials, 
the  band  at  515  nm  rises  to  a  maximum  and  then  de¬ 
creases,  as  expected. 

Flowers  and  Mamantov*  previously  showed  that  the 
chloranil  parent  is  complexed,  with  AlClj  or  AljCl-”,  in 
the  acidic  melt  and  that  it  is  reduced  to  the  complexed 
radical  anion  and  then  to  the  complexed  dianion.  The 
fact  that  the  absorbance  maximum  for  the  anion  inter¬ 
mediate  occurs  at  5 1 5  nm  in  both  the  acidic  and  the  basic 
melts  supports  the  formation  of  the  complexed  anion 
intermediate  in  both  melts. 

Raman  Spectroelectrochemistry  in  Basic  Melts.  The 
Raman  spectrum  of  a  20.7  mM  solution  of  chloranil  in 
the  AlClj-NaCl^,  melt  shows  two  bands  at  1 602  and  1 700 
cm"'.  When  the  electrode  potential  is  held  at  0.8  V  for 
30  min  to  generate  the  chloranil  dianion,  these  two  bands 
disappear  as  expected,  since  the  electrode  potential  is 
negative  with  respect  to  the  Q/(^~  potential.  No  new 
bands  are  observed  due  to  the  dianion.  This  outcome  is 
not  surprising,  since  previous  results  support  the  obser¬ 
vation  that  the  parent  and  tne  radical  anion  bands  are 
due  to  a  resonance  Raman  effect.  Both  the  parent  and  the 
radical  anion  absorb  at  the  363.8-nm  wavelength  used 
for  the  Raman  excitation;  the  dianion,  however,  does  not 
absorb  at  that  wavelength.  At  potentials  intermediate  to 
those  which  produce  the  parent  and  the  dianion,  the  bands 
at  1602  and  1700  cm"'  have  decreased  in  intensity,  as 
expected.  In  addition,  two  weak  bands  are  present  at  107 1 
and  1 350  cm" ' .  These  bands  appear  at  approximately  the 
same  Raman  shifts  (1076  and  1 338  cm" ')  as  those  present 
in  spectra  of  acidic  melts  under  the  same  conditions.* 
Electrolysis  at  increasingly  negative  potentials  shows  that 
the  intensities  of  these  bands  decrease  after  reaching  a 
maximum.  This  behavior  is  indicative  of  the  generation 
of  the  anion  intermediate  from  reduction  of  chloranil  and 
its  subsequent  reduction  to  the  dianion.  When  the  po¬ 
tential  is  sufficiently  negative,  these  bands  are  no  longer 
present.  A  similar  transient  behavior  is  observed  upon 
stepping  the  electrode  potential  anodically  to  regenerate 
neutral  chloranil. 

It  should  be  noted  that  the  choice  of  the  363.8-nm  line 
for  excitation  was  made  only  after  attempts  to  use  both 
the  514.5-  and  the  488.0-nm  lines  failed  due  to  a  large 
background  fluorescence  which  prohibited  the  observa¬ 
tion  of  the  chloranil  bands.  An  attempt  was  also  made 
to  use  a  greater  chloranil  concentration  in  the  melt  to 
increase  the  intensity  of  the  Raman  signals.  It  was,  how¬ 
ever,  limited  to  only  ~40  mM,  since  this  concentration 
was  determined  to  ^  the  solubility  limit  of  chloranil. 

ESR  Spectroelectrochemistry  in  Basic  Melts.  ESR 
spectroelectrochemistry  revealed  no  signal  at  the  solution 
rest  potential,  where  it  has  been  shown  that  only  the 
chloranil  parent  is  present.  When  the  platinum  foil  work¬ 
ing  electrode  is  stepped  negative  with  respect  to  the  Q/ 
Q^-  reduction  potential,  a  weak  signal  grows  in  and  then 
decreases.  Likewise,  when  the  electrode  potential  is 
stepped  back  to  the  original  value,  the  signal  grows  back 


Fig.  3.  ESR  spectrum  for  chloranil  radical  anion  in  AlClj-NaCI  (63/ 
37  mol  %  AlCI,)  melt  at  1 75°C. 


in  to  a  maximum  and  then  decreases,  clearly  indicating 
the  dependence  of  the  species  giving  rise  to  the  ESR  signal 
on  the  electrode  potential.  Since  it  was  thought  that  the 
low  signal  intensity  might  be  the  result  of  the  platinum 
foil  working  electrode  decreasing  the  electric  field  strength 
inside  the  cell  cavity,  a  new  cell  was  constnicted  with  the 
use  of  a  platinum  mesh  working  electrode,  and  the  spec¬ 
troelectrochemistry  was  repeated  as  described  above.  The 
same  behavior  was  observed  but  with  a  slight  increase  in 
the  intensity  of  the  signal.  The  average  g- value  obtained 
in  the  basic  solution  is  2.0044  ±  0.003. 

ESR  Spectroelectrochemistry  in  Acidic  Melts.  A  so¬ 
lution  containing  9.5  mM  chloranil  in  the  AlClj-NaCl 
(63/37  mol  %)  melt  gave  a  weak  ESR  signal  with  no 
applied  potential,  supporting  the  spontaneous  formation 
of  the  radical  anion.  Stepping  the  working  electrode  to  a 
value  negative  of  the  reduction  potential  resulted 

in  an  increase  of  this  signal.  Since  it  was  believed  that 
the  working  electrode  was  decreasing  the  electric  field 
strength  in  the  cell  cavity,  a  new  cell  was  prepared  without 
a  working  electrode.  A  solution  of  Q~  was  prepared  ex 
situ  by  bulk  electrolysis  and  transferred  to  the  ESR  cell. 
The  resulting  ESR  signal  (Fig.  3)  is  significantly  larger 
than  that  obtained  in  the  presence  of  the  working  elec- 
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trode.  The  average  ^-value  in  the  acidic  melt  is  2.0051 
*  ±  0.0001.  The  difference  between  the  ^-values  for  the 
anion  intermediate  in  the  acidic  and  the  basic  melts  is 
not  expected,  since  both  UV-visible  and  Raman  spec- 
troelectrochemical  results  support  the  existence  of  the 
complexed  radical  anion  in  both  melts.  One  likely  expla- 
nation  is  the  uncertainty  in  reading  line  positions  from 
the  spectra  recorded  of  the  basic  solution,  since  those 
spectra  exhibit  a  low  signal-to-noise  ratio. 

CONCLUSIONS 

Other  investigators  previously  identified  the  radical  an¬ 
ion  in  the  acidic  melt  using  Raman  and  infrared  spec¬ 
troscopies.  The  UV-visible  and  ESR  spectroelectrochem- 
ical  results  discussed  here  support  their  findings. 
Furthermore,  the  presence  of  radical  anion  bands  in  the 
Raman  and  UV-visible  spectra  at  the  same  frequencies 
for  both  the  acidic  and  the  basic  melts  suggests  that  the 
radical  anion  is  complexed  in  each  medium.  On  the  basis 
of  the  new  spectroelectrochemical  evidence  presented  here, 
it  is  apparent  that  the  reduction  of  chloranil  in  the  basic 
melt  occurs  not  by  a  single  two-electron  process  but 
through  the  stepwise  reduction  of  chloranil  to  the  radical 
anion  and  dianion. 

It  is  not  surprising  that  the  anion  intermediate  was  not 
observed  in  the  saturated  melt  with  the  use  of  infrared 
spectroelectrochemistry.*'  Close  examination  of  these 
spectra  reveals  a  significantly  larger  potential  step  than 
that  used  in  acquiring  the  UV-visible,  Raman,  and  ESR 
spectra.  Furthermore,  each  infrared  spectrum  was  ac¬ 
quired  two  minutes  after  the  potential  step,  which  would 


give  the  transient  species  enough  time  to  be  reduced  to 
the  dianion. 

In  a  final  note,  the  above  results  exemplify  the  utility 
of  combining  spectroscopy  and  electrochemistry  for  the 
characterization  of  electrochemical  systems.  In  this  par¬ 
ticular  case,  cyclic  voltammetry  in  the  basic  melt  showed 
only  one  wave  due  to  the  overall  two-electron  reduction 
of  the  chloranil  to  the  dianion.  Only  from  the  spectroelec¬ 
trochemical  results  was  the  formation  of  the  radical  anion 
intermediate  detected. 
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There  are  BOW  availtbie  ioBW  mixtnieB  which  are  Uqnid  *t  or 
neerroorateaipetatiire.*  Themoetwiildyetadiedaf threw  nnaiim 
ofinatBieeofl<llqd-3^aethid-W-iiniiliitBBBm  chloride  (EhflQ 
and  AlQi  ediich  are  liq^  at  room  teo^Mratare  ewer  a  wide 
rangeof  EMIC:Aiaj  ratioB  (it).*  By  adjaedag  Jl,  liqnids  are 


a- 


EMC 


created  whidi  are  basic  (Jt  >  1;  Ct~  *  base),  neutral  (R  <■  1; 
[EMI'*']  <B  [AICI4-]),  and  acidic  (J?<  l;Al2Q7-*  acid)  a^  have 
vastly  different  ^  (Le.,  -log  [Ch])  values.*  Basic  and  acidic 
mdts  also  have  significantly  different  dectrochemkal  windows* 
anddremicaliiropcrtias.  HCLforerampk^isapowerfulBiantted 
add  in  acidic  media,  but  a  modi  weaker  one  in  basic  ones.*^  We 
wish  to  tqnrt  the  first  ««»fnpU  cS  a  photochemical  reaction  in 
a  molten  salt  and  to  show  him  slteri^  the  composition  of  this 
mnhen  salt  profoundly  influences  photodiemical  behawor. 

Photdyaisof  a  0.140  M  solution  of  anthracene  (1)  in  a  basic 
EMIC/AlClj  mdt  (55.0  md  %  EMIC;  p^  ydlw  sdutkm) 
under  vacuum  in  a  Pyrex  vessd*  afforded  dimer  2  exdusively.'’ 
This  behavior  is  identical  to  that  seen  for  1  in  a  wide  variety  of 
more  traditional  advents.*  This  dimerization,  in  fact,  is  the 
paradigm  for  a  (diotodiemically  allowed  (4  +  4]  cydoaddition 
reactxm.*^  Photolysis  of  a  0.148  M  sdutkm  of  anthracne  in  an 
addk  mdt  containing  proton  (55.0  md  %  AIQ3;  green  sdutkm), 
on  the  othm  hand,  is  quite  different,  yidding  at  least  16  oxidized, 
neutral,  and  reduced  monomeric  anddimericproducts(analytical 
HPLC).**  The  major  products  were  identify  as  1-7,  with  trace 
amounts  of  9,9'-bianthracene  and  1,23,4-tetrahydroanthraoene 
also  being  formed,  as  well  as  a  fused  dimo’ of  unknown  structure 
(g)  but  similar  qwctrosoopicaOy  to  7.i‘  No  chlorinated  praduett 


(1)  HsMev,  C  R  In  itSboiiMf  te  JMmm  Mr  ChsMiilrjr,  MuwBtov,  G., 
Mwasalov,  C.  Eds.;  Etener  AsHterdui,  1983;  VcL  3,  p  183. 

(2)  (a)  WOkas,  J.  S.;  Lew^,  J.  A.;  WOiob,  R.  A.;  Haney,  C  L.  Imrg. 
CkMi.  1912, 2i,  1263.  (b)  Runim  A.  A.,  ftoewu.  D.  A.;  Kiag.  L.  A.; 
Laaden,  J.  S4  Nwsiaa,  B.  J4  Sleeh.  D.  J.;  Vaaj^  R.  L.;  WiDm,  J.  S.; 
wmaan,  J.  L.  J.  Hyt.  Chm.  19*4, 48, 2614. 

(3)  Haney,  C  L4  Scheffler,  T.  84  R^Ike^  J.  S.;  Faaaia,  A.  A.,  Jr.  /. 
Elteaodmm.  Soe.  19*6, 133.  1389. 

(4)  Sadth,  O.  P4  Danridn,  A.  S.;  Refoi,  R.  M.;  Zain,  S.  P.  J.  Am.  Chtm. 
Sde.m9,ii/.323. 

(3)  Snilh,  G.  P.;  Daerida,  A.  S.;  PMd,  R.  Zian,  S.  P. /.  Am.  Chem. 

See.  tm.  in.  sms. 

(6)  A  Rayoaet  laactor  with  3S00>A  laaqa  was  and  as  the  liaht  loarce. 

(7)  The  leacdea  aastaiee  awe  qacaAed  witli  water  aader  aifM  aad 
piedacti  extraend  lato  anihyleae  chloride. 

(8)  (a)  Cowaa,  D.  O4  Diiaoo,  R.  L.  f/MMatr  t^OgwUc  Phocodhemifpy; 
PlennB:  New  Yerk,  1976;  Ckapiw  2.  (b)  Be^te,  H.-D.  Okrm.  Jbo.  199^ 


(9)  Woodward,  R.  B.;  Hofteaaa,  R.  The  CoiuervaUeH  of  OrUtol 
Sfimmtrr.  Verlaa:  Wetaihain,  Oeranay,  1970. 

(10)  Aiaaeharmeriaedcawhiaestiwi  rbemirtry  elm  nrr  an  iatheabeeace 

of  bat  the  taactioa  is  maeh  slower  thaa  tbt  mctkiQ. 

(1 1)  IheirDdaeis  were  sepaiated  by  eohuaa  ehrooiaiaaiaplqr,  prep  TLC, 
aadseapHPLCaadcharacletiMdyctieniepically.  KaowaaaaiplHafl, 
9,y-biaalkeacww,  aad  143A-tslrahydiaaathraoaae  wen  available.  The 

lefsemaefowpiodactswananllaMeiathelitBratare.  24-Dichloro- 


Product  yields  were  followed  at  a  function  of  time  (TaMe  I, 
entries  1-3).  The  (diotoreactkm  is  rapid  initially  but  mu^  slower 
at  longer  reactum  times,  due  likdy  to  an  intemal  filter  effect  of 
the  highly  OMijngated  4, 7,  and  Baiid  quenching  trfexdted  states 
1^  these  same  spedes.  Most  of  the  piquets  are  also  reactive  as 
their  yields  go  down  as  the  reaction  progresses.  Only  the  yidd 
of  the  highly  oxidized  7  (and  2)  goes  iq>  as  the  reaction  procMds. 
The  mass  balance  also  decays  as  a  function  of  time,  suggesting 
the  frmnatkm  of  oligomeric  and  polymeric  compounds  at  longer 
reaetkm  times.  The  hydrogen  bsiance,  which  is  a  measure  of  the 
excess  of  reduction  or  oxidation  in  the  characterized  products, 
is  small  but  not  0,  also  demonstrating  the  formation  of  missing 
products. 

This  unusual  photochnnistry  must  be  initiated  by  an  electron- 
transfer  reaction.  One  possible  electron  acoqnor  is  EMI*,  but 
this  is  not  correct.  Rrst  of  all,  EMP  did  not  function  as  an 
electron  acceptor  in  the  photochemistry  of  1  in  the  basic  mdt, 
nor  does  it  in  the  photoreaction  of  1  in  CH7CN  saturated  with 
EMIC,  where  2  is  formed  quantitathrdy.  Tte  electron  acceptor 
is,  in  fact,  the  anthracenium  km  9*,**  formed  by  prokmation  of 
1  with  trace  amounts  of  HCI  in  the  melt,'*  and  it  is  more  easily 
reduced  electiodiemically  than  is  EMIC  (eqs  1-3).'*  Even  the 


1  +  HCI  9* 

(1) 

k* 

1  +  9+  — 1**  +  9* 

(2) 

!•+  ^  y  products 

(3) 

mostrigmouslypurifiedmdtscontaintracesofHCl.  Inthefirst 
three  photoreactions  described  in  TaUe  1,  thme  is  approximatdy 
3%  of9*  present  in  each  sdutkm.  When  the  HCI  content  of  the 
mdt  is  deliberately  increased  by  the  addition  of  EMIC-HCl,'* 
the  content  of  9*  increases  to  26%  (TaUe,  entry  4).  Wbenthis 
solution  is  irradiated,  the  photochemistry  is  somewhat  different 
than  the  previously  described  cases,  but  it  is  exdusivdy  redox  in 

( 1 2)  Tbe  aqueous  totatioe  fanned  during  rMctioB  werkap,  wbim  coataiat 
EMI'*^  aad  otber  ionic  organic  oomponada,  was  evaporated  aad  the  residBe 
subjected  to  SIMS.  Only  EMI*  wu  detected. 

(13)  The  dectron  transfer  firain  areae  excited  states  indudiag  that  of 
aathrseeae  todiaryl- aad  triatybaethyl  carbocatioas  is  known  aad  is  veiy  Cut: 
Johartoa,  L.  J.;  Kanigan,  T.  /.  Am.  Chem.  Soe.  199*,  112. 1271.  Saaiaata, 
A4  G^idas,  K.  R4  Das,  P.  K.  Chem.  Hy$.  Lm.  1999,  204. 269. 

(14)  Gatbn,  R.  T.;  Tmlove,  P.  C;  Osteryouag,  R.  A.  BhetroeUm.  Acta 
1992, 37,  2613. 
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IMHi  L  Product  PiitriboloM  from  notolyiis  of  Aatkrooeae  in  Acidic  M*to« 


reaction 

ratio  of  1  to 
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15.4 

1.9 
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*  0. 14S  M  aointioB  (2J5  mmol  of  1  in  21 .0  (  of  mdt  (SS.0  mol  %  AIQ))  wUcli  hu  n  dcanty  of  1 .32  g/mL*  pbotoiyad  in  Pyrcx  under  ufoiL  *  Bued 
OB  tte  ntinetion  ooefBcient  of  proumntcd  anthnocne  (Zingg.  S.  P.;  Dworidn,  A.  S.;  Solie,  M.;  Chtpinan.  D.  M.;  Bnchannn,  A.  C.,  Ill;  Smitk.  G.  P. 
J.  Ekemehtm.  Soe.  1M4, 31, 1602  and  ref  4-S)  and  the  eqnilibriiun  eonttant  for  the  revernMe  protonation  of  anthracene**  aciag  dilate  lolatiom 
of  anthracene  in  the  mdt  *  For  monomeric  pradncts:  (mmol  of  prodact/mmol  of  waiaamed  1)  X  100.  For  dimeric  prodacta:  (mmol  of  prodact  x 
2/nmol  of  comamed  1)  x  lOO.  *  An  anhnown  fined  product  amrilar  to  7.  «((£nmol  of  monomeric  prodactt-l-  2&iii^  of  dini^prodBCta)/mmol 
of  oomamed  1]  X  100.  /  (mmol  of  H  added  to  radaced  prodacta  -  mmol  of  H  kat  fhan  oiidiind  prodncta)/(mmol  of  H  added  to  redaced  prodacta 
■f  mmol  ofHiott  from  oxidized  prodacta)  X 100.  (HQ  in  the  melt  inenaaed  by  the  addition  of  EKOOHCL'*  *Yidda  of  l,23i4-tetrahydroaiidnoene. 
'  HQ  remmred  fhan  the  melt  addition  of  exceea  methyialnminnm  ieM|Bichlotide.**^GC/MS  of  the  prodact  mixtare  revealed  the  preeenoe  of 
methylaathraoeae(a)  (0%),  9,10-dimethyianthraoeae  (1%),  and  cUotoantltfaoene(a)  (2%). 

ftmn  1  can  aeive  this  purpoae.  As  a  resttlt,  the  chanistry  is 
dominated  by  bimoleciiiar  dectnui  transfer,  hydrogmi  transfer, 
and  coupling  reactioru.  The  present  dtemiMry  is  reminisoent  of 
that  desCTibed  by  Smith  et  of.  for  1  in  molten  SbClj,  which  is  also 
poorlybasic,atelevatedtemperatures.**  Inthatcase,theelectron 
transfer  is  driven  thermally  ^  the  reversible  reduction  of  Sb(IlI). 
Thermally  and  photochcnikally  drivmi  electron-transfer  reactioas 
in  poorly  basic  solvents  shm^  yield  other  unusual  chemical 
traWormations. 
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nature,  giving  largely  the  highly  oxidized  and  reduced  imducts 
7  and  1,2,3,4-tetrahydroanthraoeoe.  This  reaetkm  is  dearly 
farther  akmg  the  casnde  of  oxidatiaii  and  reduction  reactions 
than  are  the  previous  three  examides.  When  the  HCl  is 
deliberately  reaxwed  by  addition  of  excess  methylaluminum 
sesquichloride,**  the  ovmll  reaction  is  slower  than  when  HCl  is 
present,  and  the  redox  dianistry  is  largdy  suppressed  (Table  I, 
entry  5).** 

The  essential  difference  in  the  photochemistry  of  1  in  the  basic 
and  acidic  molten  salts  is  due  to  the  different  in  acidity  of  HCl 
in  the  two  media.  In  the  basic  melt,  HCl  is  insufficiendy  addic 
to  protonate  1,  and  the  (diotochemistry  proceeds  in  the  mxmal 
manner.  In  the  acidic  medium,  however,  HCl  now  a  powerful 
Bransted  add,  protemates  1  to  form  a  small  amount  of  which 
function  as  an  dectron  acceptor,  thus  diverting  the  chemistry  of 
1  into  an  entirdy  new  diaiuid.  Photolysis  d'  1  in  HjO  also 
generates  1***,**  whidi  reacts  raiudly  with  the  nudec^hilic 
HjO.***'^  Intheacidicmdtensalt,therearenogoodnudeophiies 
with  whidi  1***  can  react.  Onlylorproductsortransientsderived 

(15)  The  interpietttiQn  of  this  fact  is  complicated  by  the  fact  that  pradocts 
are  fanned  here  whidi  oeotaui  Q  and  CHj  (from  excen  MdAljQ]). 
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Utt.  1991,  5737. 
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